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Abstract  
Stimuli sensitive polymers and hydrogels respond with large property changes to small 
physical and chemical stimuli (e.g. temperature, pH, ionic strength). The bulk behavior of 
these polymers is widely studied and they show an isotropic swelling. However, thin hydrogel 
layers of polymers on a substrate show a swelling behavior, which is constrained in some 
way. Therefore, size, confinement, patternability, response time and transition temperature of 
thin hydrogel layers are the most important parameters in technological applications and this 
study focuses on the investigation of these above-mentioned parameters. The aim of this study 
involves synthesis, characterization and application of thin photo-crosslinked hydrogel layers. 
Dimethylmaleimide (DMI) moiety was incorporated in the polymers chains and was used to 
introduce photo-crosslinking by [2+2] cyclodimerization reaction in the presence of UV 
irradiation. The following photo-crosslinkers based on DMI group were synthesized –  
• Acrylate photo-crosslinker (DMIAm) 
• Acrylamide photo-crosslinker (DMIAAm) 
• Polyol photo-crosslinker (DMIPA, DMIPACl) 
The conventional free radical polymerization of above listed photo-crosslinker with its 
respective monomer resulted in formation of photo-crosslinkable polymers of (a) HEMA, (b) 
DMAAm, (c) NIPAAm/DMAAm, (d) NIPAAm/Cyclam. The properties of these polymers 
were investigated by NMR, UV-VIS spectroscopy, GPC and SPR. Thin hydrogel layers were 
prepared by spin coating on gold-coated LaSFN9 glass. The covalent attachment to the 
surface was achieved through an adhesion promoter. 
Swelling behavior of the thin polymer layers was thoroughly investigated by Surface Plasmon 
Resonance (SPR) Spectroscopy and Optical Waveguide Spectroscopy (OWS). SPR and OWS 
gave a wide range of information regarding the film thickness (d), swelling ratio (d/do) and 
refractive index (η) and volume degree of swelling (1/φp) of the thin hydrogel layer. For 
hydrophilic photo-crosslinked hydrogel layers of HEMA and DMAAm, it was observed that 
the volume degree of swelling was independent of temperature changes but was dependent on 
the photo-crosslinker mol-% in the polymer. Higher the photo-crosslinker content, lower was 
the swelling. These surface attached thin hydrogel layer exhibited an anisotropic swelling.  
For NIPAAm photo-crosslinked hydrogel layers with DMAAm as a hydrophilic monomer, it 
was observed that both transition temperature (Tc) and volume degree of swelling (1/φp) 
increases with increase in the mol-% of DMAAm. Hydrogel layer with Tc in the range of 31.7 
°C to 46.5 °C and 1/φp in the range of 4.0 to 8.2 were obtained. The Tc values investigated 
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from the SPR were in good agreement with the values obtained from DSC measurements. The 
1/φp of collapsed state of hydrogel layer was also dependent on the mol-% of DMAAm in the 
polymer chains. Higher the mol-% of DMAAm in the hydrogel, higher was 1/φp in the 
collapsed state. This was due to the hydrophilic nature of DMAAm component, which 
remains hydrated even at temperatures above Tc. Such an investigation by SPR gave 
additional information (e. g. d/do and 1/φp) related to thin photo-crosslinked hydrogel layers, 
which was inaccessible by other techniques. 
To study the effect of film thickness on Tc and 1/φp, hydrogels with wide range of film 
thickness were prepared and investigated by SPR. Thick hydrogel film (dry thickness >500 
nm) could not be investigated by using a single layer model, therefore a double layer model 
was used for such thick films. Layer 1 and Layer 2 components of the thick hydrogel film 
exhibited similar properties in the collapsed state. However, Layer 1 showed higher refractive 
index in swollen state as compared to Layer 2. These results provided vital information on the 
swelling behavior of surface attached hydrogel layer and showed the versatility of SPR 
instrument for studying thin hydrogel layers.  
Later part of project involved synthesis of multilayer hydrogel assembly involving a 
thermoresponsive polymer and a hydrophilic polymer. Swelling behavior of the multilayer 
hydrogel was studied by the combination of SPR and OWS. A new model was developed for 
interpretation of the results from the above technique. The results from the multilayer 
hydrogel assembly shows that its two chemically different hydrogel layers retained their 
swelling properties in response to the temperature changes. The combination of two layers 
with photo-crosslinkable DMAAm polymer as base layer and photo-crosslinkable NIPAAm 
polymer as top layer formulate a multilayer assembly where, the base layer only swells in 
response to temperature and the top layer shows temperature dependent swelling.     
Photo-crosslinked hydrogel layers of NIPAAm, DMAAm and HEMA shows a high-
resolution patterns when irradiated by UV light through a chromium mask for 1 h. The 
characterization of patterns on the multilayer hydrogel assembly with AFM shows a 
formation of uniform and homogenous patterns. Surface roughness and step height of the 
patterns were also investigated by AFM in the dry state. Patterning of above system gives a 
possibility to formulate a surface, with specific response to temperature depending on the area 
of the pattern investigated.   
At last this study focused on an important application of these hydrogel layers for cell 
attachment processes. Cell growth, proliferation and spreading shows a biocompatible nature 
of these hydrogel surfaces. Such thermoresponsive photo-crosslinkable multilayer structure 
 viii
Abstract 
 
forms bases for future projects involving their use in actuator material and cell-attachment 
processes.  
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1.  Introduction and Aim  
1.1  General introduction 
Hydrogels are three-dimensional and hydrophilic polymer networks capable of swelling 
in water or biological fluids. The water content in the hydrogel affects its different 
properties like permeability, mechanical strength, surface properties and 
biocompatibility. The large volume changes and the biocompatibility of many hydrogels 
have resulted in a wide range of applications. Flory first observed a high degree of 
swelling in polyelectrolyte gels [1]. Dusek and Patterson predicated the phase transition 
of a polymer network in response to small changes in external parameters [2]. The 
mechanism of phase transitions of thermosensitive polymers like NIPAAm (N-
isopropylacrylamide) was first proposed by Heskins and Guillet [3] and was supported by 
other authors [4]. Early research focused on the swelling of hydrogel as a theoretical 
curiosity, however more recently hydrogels have been applied in very diverse ends uses 
at surfaces and interfaces [5-8]. Bulk hydrogels have been extensively studied for its 
swelling behavior. The response time for swelling and deswelling in these hydrogel is 
very slow. Consistent downscaling of the gel size can result in faster response in 
hydrogels [11-13]. This study focuses on the synthesis and investigation of swelling 
behavior of thin surface attached hydrogel layers.  
 
1.2  The problem 
The volume phase transition in the stimuli sensitive hydrogels is important for the 
applications like biomaterials [14-19], (micro) actuator and sensors materials [20, 21], 
controlled cell attachment-detachment [22-25] and controlled drug delivery [26-28]. The 
majority of these applications require the use of hydrogel at surfaces and interfaces. 
Therefore, the behavior of bulk hydrogel may not be necessarily extended to these types 
of geometries. The various problems, which need to be addressed while synthesizing 
hydrogel at surfaces and interfaces are as follows- 
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• As swelling is size dependent, so the hydrogel should be of small dimensions. 
This will enable hydrogel to respond fast to a given stimuli for above-mentioned 
applications. 
• Physisorbed thin hydrogel films detach from the surface upon swelling or exhibit 
extreme changes in the degree of swelling. Therefore, the film should be 
covalently attached to the surface.  
• It is difficult to investigate temperature dependent swelling of the thin hydrogel 
films. Thus, it is required to develop a method for the detailed characterization of 
thin hydrogel films. 
• Hydrogel thin films should have patternable properties for application in 
microsystem technology. 
• PNIPAAm is a widely used thermo sensitive polymer with the Tc around 32-34 
°C. It should be copolymerized with hydrophilic or hydrophobic monomers to 
obtain polymer with wide range of Tc. Such copolymer should also posses the 
properties like covalent attachment to the surface, patternability etc. 
• Conventional crosslinking process results in crosslinks that do no function as 
elastically effective junctions, instead, they are incorporated into loops, dangling 
ends and densely crosslinked clusters. To avoid such problems of inhomogeneous 
crosslinking, a novel method of crosslinking should be developed. 
 
1.3  The solution 
To achieve hydrogels at surfaces and interfaces, thin hydrogel films can be synthesized 
by photo-crosslinking process. Hydrogels can be covalently attached to the substrate 
through an addition promoter. In the present study, a new technique based on SPR has 
been developed to study the deswelling behavior of thin hydrogel layers. The 
crosslinking process based on cyclodimerization of dimethylmaleimide moiety also gives 
an opportunity to develop surfaces with selective behavior at specific areas on the 
hydrogel films. The process to achieve photo-crosslinked hydrogel is shown in Figure 
1.1. The major advantage of this process is that the photo-crosslinking and the surface 
attachment occur simultaneously.  
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Figure 1.1 Simultaneous photo-crosslinking and surface attachment of thin hydrogel  
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In order to have tailor made hydrogel based on the responsive behavior of stimuli 
sensitive polymers a general strategy can be developed. Thin films of such polymers with 
patternable properties give an opportunity to develop surfaces with complex 
morphologies. Figure 1.2 shows a model of a thin hydrogel multilayer assembly where a 
top layer shows a temperature sensitive behavior and lower hydrophilic layer shows a 
temperature independent swelling. This study focuses to develop such multilayer thin 
films. 
   
Dry film Swollen film
II
Collapsed film
III
Swelling T > Tc
NIPAAm
DMAAm
Au Layer
Substrate
I
Figure 1.2 Surface attached thin hydrogel multilayer assembly with a thermosensitive  
                  NIPAAm as a top layer and hydrophilic layer DMAAm as a base layer.  
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Therefore, the size, confinement, patternability, response time and transition temperature 
(Tc) are important parameters of hydrogel, which need to be optimized from the 
viewpoint of the technological application and academic interest. The present study 
focuses on these parameters and since the phase transition phenomenon in hydrogels is 
theoretically well understood, therefore, it is aimed to develop advanced materials with 
variable transition temperatures for diverse applications. 
 
1.4  Aim 
The main objective of this study is to obtain surface attached thermosensitive and 
hydrophilic thin hydrogel layers with patternable structures for application in cell 
attachment processes. Scheme 1.1 describes the strategy to synthesize photo-crosslinkers 
and polymers which will be used for preparation of thin hydrogel layers. N-
isopropylacrylamide (NIPAAm) as a stimuli sensitive component and 2-
hydroxyethylmethacrylate (HEMA), N,N-dimethylacrylamide (DMAAm), Poly(vinyl-
alcohol) (PVA) and Poly (glycidol) as hydrophilic components were chosen for this 
study. To incorporate crosslinking in polymers, various photo-crosslinkers need to be 
synthesized. The polymers with photo-crosslinkers will be synthesized through random 
free radical polymerization. Photo-crosslinking of spin coated thin polymer film under 
UV irradiation (2+2 cycloaddition of maleimide moiety) will be used to obtain various 
hydrogels. Volume degree of swelling of the hydrogel and their corresponding phase 
transition temperature (Tc) will be measured in PBS buffer. Thin films of such hydrogels 
will be covalently attached to the Au substrate and Si wafer through an adhesion 
promoter, which confines the swelling in one direction (Figure 1.1). This requires 
synthesis of an adhesion promoter for Au and Si wafers. To introduce multisensitivity in 
stimuli sensitive polymers, NIPAAm terpolymer will be prepared using photo-crosslinker 
and functionalized cyclam. Such polymers are expected to exhibit temperature and metal 
ion sensitivity and selectivity. NIPAAm photo-crosslinkable polymers with wide range of 
Tc and swelling ratio will be synthesized by copolymerization with different mol-% of 
DMAAm and acrylamide photo-crosslinker. 
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Polyelectrolyte multilayers have been widely studied and reported in literature [29-32]. 
However, to our knowledge, there is no detailed study on neutral multilayer 
thermoresponsive thin film system. For the first time, synthesis of multilayer patternable 
structures with hydrophilic base layer (DMAAm) and thermoresponsive top (NIPAAm) 
layers is planned (Figure 1.2).  
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Scheme 1.1 Synthesis of photo-crosslinkers, adhesion promoter and photo-crosslinkable  
                    polymers. 
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Patterning and swelling of such structures will be investigated in detail. 
SPR (Surface Plasmon Resonance) Spectroscopy and OWS (Optical Waveguide 
Spectroscopy) will be used as a new method for determination of volume degree of 
swelling of thin polymer film. In addition to thin layer polymer system, this study will 
also focus on development of a new technique based on SPR and OWS for determination 
of refractive index, film thickness, swelling behavior and transition temperature (Tc) of 
multilayer assembly.  
 
To accomplish the main objectives, following work is proposed- 
1. Synthesis and characterization of - 
(a) photo-crosslinkers for DMAAm, PVA and HEMA   
(b) functionalized cyclam as an ion selective monomer  
(c) adhesion promoter for surface attachment of hydrogel to substrate 
(d) monomers with COOH end groups. Copolymers of these monomers with 
NIPAAm are expected to show variable Tc. These polymers are ideally suited for 
formation of polymer-enzyme bioconjugates 
2. Incorporation of photo-crosslinking moieties in- 
(a) HEMA, DMAAm and NIPAAm through free radical polymerization with their 
respective photo-crosslinkers in varying degree of crosslinking density 
(b) modification of existing polymers like PVA and polyglycidols by photo-
crosslinkers 
3. Characterization of resulting polymers by GPC, NMR, DSC, UV and IR spectroscopy. 
4. Tuning the transition temperature of thermoresponsive NIPAAm by copolymerizing 
with- 
(a) DMAAm as a hydrophilic comonomer and DMIAAm as a photo-crosslinker to 
obtain polymers with wide range of Tc and swelling ratios 
(b) functionalized cyclam as an ion selective comonomer and DMIAAm as a photo-
crosslinker  to obtain an ion selectivity in NIPAAm photo-crosslinkable polymers 
in addition to temperature sensitivity 
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5. Formation of thin films from hydrophilic and thermoresponsive polymers that can be 
attached to the surface through an adhesion promoter. SPR and OWS will be used to 
investigate volume degree of swelling and transition temperature of hydrogel layers.  
6. Application of thin biocompatible films in cell attachment-detachment processes.  
7. Patterning of hydrogel multilayers to obtain structures involving a hydrophilic base 
layer and a thermoresponsive top layer in a multilayer polymer system. 
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2.  Theoretical background 
2.1  Introduction 
This Chapter gives a brief necessary background and technical information on the topics 
related to the work presented in the following chapters. The initial sections provide basic 
information related to polymer gels and subsequently stimuli sensitive polymers are described 
in details. The later sections deal with the hydrogels in various dimensions and describe the 
effect of size on various parameters like swelling and transition temperature. Methods, 
synthetic routes and applications of thin hydrogel films are described in the last sections of 
this chapter. 
 
2.2  Gels  
A gel is a cross-linked polymer network swollen in a liquid medium which absorbs enough 
solvent to cause macroscopic changes in the sample dimensions. Hydrophilic gels in aqueous 
solutions have been the most widely studied, but almost any polymer can be crosslinked to 
form a gel, which will swell in a sufficiently good quality solvent. The properties that make 
gels useful include their sorption capacities, swelling kinetics, permeability to dissolved 
solute, surface properties (e.g. adhesiveness), mechanical characteristics and optical 
properties. Recent progress in biology and polymer science has opened a broad area for 
research in gel technology. Gels having phase transition behavior gives an opportunity to 
explore the principles underlying the molecular interactions and recognition, which exist in 
synthetic and biological polymer [33]. Their properties depends strongly on the interaction of 
the two components i.e. the polymer and its associated fluid [34-36]. The liquid prevents the 
polymer network from collapsing into a compact mass and the network in turn retains the 
liquid. The three dimensional networks are stabilized by crosslinks due to covalent bonds, 
physical entanglements, crystallites, charge complexes, hydrogen bonding, van der Waals or 
hydrophobic interactions [11, 38-40]. Blood-vessels walls, connective tissues are some natural 
example of gels. In such biological gels, the liquid component allows the free diffusion of 
oxygen and other nutrients, where as the polymer network provides a structural framework to 
hold the liquid in place. Gels with water as a liquid medium are generally referred as 
hydrogels. In water they swell to an equilibrium volume, but preserve their shape. The 
insolubility is due to the presence of structures in three-dimensional network. Examples of 
hydrophilic polymers used for synthesizing hydrogels include: Poly (vinyl alcohol) [41-43], 
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Poly (2-hydroxyethylmethacrylate) [44, 45] and Poly (acrylic acid) [46]. These systems 
typically contain covalent crosslinks to form conventional hydrogels, but specific interactions 
between the networks can also provide physical or “reversible” hydrogel that have a transition 
from solid to liquid in response to some stimulus [47, 48]. The swollen state results from a 
balance between the repulsive forces acting on the hydrated chains and cohesive forces that 
do not prevent the penetration of water into the network. Cohesive forces are most often due 
to covalent cross-linking. Others are electrostatic, hydrophobic or dipole-dipole interaction. 
 
2.2.1  Swelling  
The most important property of hydrogels i.e. its ability to swell in water is relevant in various 
experiments. The characteristic time of swelling is inversely proportional to the square of the 
dimensions of the gel and is also proportional to the diffusion coefficient of the gel network. 
Swelling can be expressed in weight, volume and length units; data should be given at 
equilibrium. The weight fraction of the water Wf in a Hydrogel is defined as-  
 
)(
)(
weightWet
weightDryweightWetWf
−
=                                                  Equation 2.1 
 
The wt % of water is   
 
100×= fp WW                                                                                Equation 2.2 
 
Swelling related to the dry state is also called hydration. Thus, percent hydration, water 
regain, or swelling index is expressed as  
 
100
)(
)(
×
−
=
weightDry
weightDryweightWetH p                                        Equation 2.3 
 
Value of Hp is always greater than 100. 
Degree of swelling is expressed as  
 
)(
)(
weightDry
weightWetDsw =                                                          Equation 2.4 1>swD
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Swelling ratio for a bulk gel can also be determined by taking the ratio of diameter of the 
swollen gel and the diameter of dry gel [49]. However, in this study volume degree of 
swelling for thin hydrogel layers has been calculated from the polymer fraction in the 
hydrogels [8]. The polymer fraction can be obtained from the SPR Fresnel calculations. 
Degree of swelling in gels depends on synthesis variables, particularly chemical composition 
and crosslink density [38, 52]. Chemical composition can be controlled by taking suitable 
monomers, however it is difficult to pin down the crosslink density. Crosslinking is a random 
process and many crosslinks do not function as elastically effective junctions, instead, they 
are incorporated into loops, dangling ends and densely crosslinked clusters. To avoid such 
problems of inhomogeneous crosslinking, a novel method for crosslinking has been used in 
this study.    
 
2.3  Stimuli sensitive polymers    
Stimuli sensitive or intelligent polymers are polymers that respond with large property 
changes (like solubility, solvent content, shape etc.) to small physical or chemical stimuli. 
They are also known as smart or environmental sensitive polymers. The stimuli are broadly 
classified in three categories, as shown in Table 2.1. Recently, such polymers have been 
attracting lot of attention due to their diverse applications. 
 
Physical Chemical Biochemical 
Temperature pH Enzyme substrate 
Solvent Chemical reagents Affinity ligands 
Ionic strength Specific ions  
 
Table 2.1 Classification of stimuli for smart polymers. 
 
 
 
Reversible collapse of a   
hydrogel 
Reversible precipitation 
of soluble polymer  
 
 
Figure 2.1 Stimuli induced reversible changes in properties of sensitive polymer. 
Stimuli
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The microscopic changes are apparent at the macroscopic level as precipitate formation in a 
solution or as order of magnitude decrease or increase in hydrogel size and water content 
(Figure 2.1). These changes are reversible. In fact cycles have been demonstrated to be 
repeatable more than hundred times with stable properties over many months for several types 
of stimuli sensitive polymers. The discrete volume transition in hydrogels is understood as a 
manifestation of the competition of the osmotic pressures acting in the polymer networks due 
to the interaction of polymer-polymer and polymer-solvent, the rubber elasticity and the 
charges on the polymer chains [53, 54]. The interactions between the macromolecules and 
thus, the driving forces for the volume phase transition in gels fall into four categories: ionic, 
hydrophobic, van der Waals and hydrogen bonding. Lot of work has been reported in the 
literature where temperature, solvent and pH of the smart polymers have been changed in 
order to achieve applications in diverse fields. However, polymers with multi-responsive 
behavior [55] and fast swelling kinetics [56] still need to be developed. 
 
2.3.1  Effect of temperature 
The stimuli sensitive polymer responding to changes when subjected to variation in 
temperature are called thermoresponsive polymers. They undergo a phase transition in 
aqueous solution at above particular temperature called Lower Critical Solution Temperature 
(LCST). The LCST transition results from a balance between hydrophobic and hydrophilic 
groups in the monomer unit [57]. At this critical temperature, the hydrogen – bonding 
efficiency become insufficient for macromolecular solubility and thus phase separation 
occurs. When an uncrosslinked polymer is heated above its critical temperature, the polymer 
separates in to two phases: a polymer enriched phase and an aqueous phase that contains 
almost no polymer.  
 
Polymer  LCST (°C) Lit.  
  
Poly(N-isopropylacrylamide) 32-34 [33, 58, 59]  
Poly(N-isopropylmethacrylamide) 38-42 [60]  
Poly(ethyleneoxide) 96 [61] 
Poly(methyl vinyl ether) 34-38 [62-65]  
Poly(N-vinylcaprolactam) 32-40 [67]  
Poly(N,N-dimethylaminoethylmethacrylate) 50 [68]  
 
Table 2.2 Summary of some important thermoresponsive polymers. 
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The theoretical treatment of this phenomenon is discussed in Section 2.4. Examples of some 
polymer exhibiting LCST behavior are shown in Table 2.2. The reported LCST value for 
linear Poly (N-isopropylacrylamide) is 32°C and is usually defined as the onset of the 
transition in differential scanning calorimetry (DSC) [69] or in cloud point measurements [70, 
71]. This value varies according to the measurement technique. The LCST tends to be lower 
for DSC measurements, where it is defined as the onset of the transition. For the swelling 
ratio measurements, the Tc is defined as the midpoint of the transition.  
 
2.3.2  Effect of pH and metal ions 
The stimuli sensitive polymer responding to changes when subjected to variation in pH are 
known as pH sensitive polymers. Here the phase transition is dependent on pH, for e.g. poly 
(2-vinylpyridine) (P2VP) is water soluble at low pH due to the protonation of the basic 
nitrogen. At pH ≥ 4.8, the polymer is deprotonated, and it becomes hydrophobic [72]. A 
sudden change in the hydrophobic-hydrophilic balance within such a narrow pH region makes 
P2VP as a pH-sensitive polymer.  
Copolymerization of NIPAAm with acidic and basic comonomer also makes it both pH and 
temperature sensitive [73-75]. Ionic strength in the aqueous solution and the type and 
concentration of the ionizable comonomers decides the range of temperatures at which the 
hydrogel is pH responsive [76-78].  
Hydrogels also swell and shrink in response to specific metal ions or molecules. NIPAAm 
hydrogel containing benzo (18) crown-6 ether shows a chemical induced phase transition at 
28.4°C in aqueous solution. It undergoes a sharp volume changes (10 fold increase) and 
transition temperature shifts to 33.8°C when K+ ion is added. K+ ion fits in the cavity of crown 
ether increasing the hydrophilicity of the system [79]. However, NIPAAm hydrogel with 
functionalized cyclam as pendent group show reduction in the swelling ratio when Cu2+ ions 
are added to the system [49].  
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2.4  Monomers and polymers 
This section provides background information on some of the monomers and polymers 
investigated in this study. These were used to obtain photo-crosslinkable polymer either by 
free radical polymerization or by polymer modification reaction of existing polymers.  
 
Poly (N-isopropylacrylamide)  
Poly(N-isopropylacrylamide) has been extensively studied as it exhibits a sharp transition in 
water at around 32°C (Figure 2.2). The reason for this sharp transition is a good balance 
between the hydrophilic and hydrophobic interaction in the polymer [33]. Raising the 
temperature of an aqueous PNIPAAm solution above LCST causes a coil to globule 
transition, followed by a phase separation. This phase transition is accompanied by a release 
of water bound to the polymer chains, which is an endothermic process.  
 
*
*
NHO
x 
 
Figure 2.2 Poly(N-isopropylacrylamide) 
 
The mechanism of phase transition of thermosensitive polymers like PNIPAAm was first 
proposed by Heskins and Guillet [3] and was supported by other authors [4, 80]. The phase 
transition can be explained using the thermodynamic model [59].  
 
∆Gmix = ∆Hmix - T∆Smix Equation 2.5 
                                                                                 
 Where  ∆Gmix = Free energy of mixing of polymer solution 
 ∆Hmix = Enthalpy of mixing  
 T        = Temperature  
 ∆Smix  = Entropy of mixing 
 
The solubility of PNIPAAm in water is controlled by a well-balanced equilibrium between the 
favourable water interactions with the hydrophilic amide groups (CONH) and the 
unfavourable water interactions with the hydrophobic isopropyl groups and backbone 
methylene groups. Below LCST, the hydrophilic interactions dominate, making the polymer 
soluble. Negative entropy of mixing exists due to the special structure of water and polymer, 
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i.e. the formation of layers of highly organized water molecules around the polymer. By 
raising the temperature above LCST, the entropy term dominates over the exothermic 
enthalpy (∆Hmix) of the hydrogen bonds between the polymer polar groups and the water 
molecules. Therefore, the free energy change becomes positive and two phases exist above 
the LCST [59]. In literature some methods for the detection of the phase transition 
temperature (Tc) have been reported [81]. For example, light scattering to detect the coil to 
globule transition [82], turbidimetric measurements to observe phase separation [83] or 
Differential Scanning Calorimetry (DSC) to measure the heat of transition [84-86]. 
The Tc of PNIPAAm copolymers is strongly influenced by the nature of the comonomers. 
Hydrophobic compound lower the Tc and a hydrophilic compound increases the Tc [87-88]. It 
has been shown that the LCST phenomenon disappears when a stimuli sensitive polymer 
contains more than a certain amount of comonomer [89-90]. The copolymerization of 
NIPAAm with a metal ion selective compound like functionalized cyclam makes it possible to 
change the hydrophilicity by addition of specific metal ion, resulting in a change in Tc. In 
addition the linear polymer can be easily characterized and the investigation of their solution 
behavior can be seen as the basis for the behavior of their swollen networks.  
 
Poly (N,N-Dimethylacrylamide)  
Poly(DMAAm) is a hydrophilic polymer and is used in this study for copolymerization with 
thermosensitive polymer to regulate the transition temperature and the swelling of hydrogels 
[91-93]. The homopolymer network of Poly(DMAAm) (Figure 2.3) is water swellable but 
generally show temperature independent response behavior. Shen et al. have reported ATRP 
of DMAAm [94]. Thin film networks of DMAAm with 4-methylacryloyloxybenzophenone as 
a photoactive monomer has been recently reported [6]. However, there is no detailed study 
where photo-crosslinkable DMAAm have been synthesized using acrylamide photo-
crosslinker. Section 4.8.3 focuses on the swelling studies of photo-crosslinked DMAAm as a 
single thin film and also as a base layer in a multilayer assembly. Synthesis, properties and 
swelling behavior of thermosensitive polymer of NIPAAm with varying mol-% of DMAAm 
are described in chapter 3 and 4. 
 
*
*
O N
x 
 
Figure 2.3 Poly(N,N-Dimethylacrylamide) 
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Poly (2-hydroxyethylmethacrylate)  
2-Hydroxyethylmethacrylate (HEMA) is an important functional monomer, which was first 
used in biomedical applications [14, 15] and now widely used in the manufacture of soft 
contact lenses [95, 96].  Applications are due to high mechanical stability, high refractive 
index and oxygen permeability. It forms non-ionic hydrogels [97] and exhibits no pH 
dependent swelling. The monomer is water-soluble while the polymer (Figure 2.4) has 
limited solubility. This phase behavior allows the formation of a macroporous sponge 
structure when reacted in dilute monomer solutions. The water content can be regulated by 
copolymerization with hydrophobic or hydrophilic comonomers [44]. Mizuno et al. have 
investigated the structure of water sorbed into HEMA copolymers by attenuated total 
reflection infrared spectroscopy (ATR-IR) [98]. Their results indicate that the interaction 
between the primary hydration water around the polymer chains and the water surrounding 
the primary hydration water is very weak. This confirms the formation of cold crystallisable 
water generated by caging water molecules in a small space by the polymer chains.  Although 
high molecular weight HEMA homopolymer is hydrophilic and has relatively high degree of 
hydration (upto 42 % water can be absorbed per unit mass of lightly crosslinked HEMA based 
gels), it is generally regarded as water swellable, rather than water-soluble [99]. This 
insolubility may be related to the presence of low level of ethylene glycol dimethacrylate 
often found in HEMA monomer, which could lead to some crosslinking reaction during 
polymerization. HEMA cannot be polymerized by anionic polymerization due to the presence 
of labile proton on the hydroxyl group. Moreover in radical polymerization, the key difference 
between acrylate and methacrylate polymerization, which can be pronounced in ATRP 
processes, is that, like methyl methacrylate  (MMA), the propagating radicals of HEMA are 
more stable and propagate more slowly. Unlike MMA, solvents required to dissolve HEMA 
polymer are very polar, which may dramatically affect the polymerization process. Beers et 
al. [45] and Weaver et al. [100] have reported efficient and controlled polymerization of 
HEMA using atom transfer radical polymerization in mixed solvents at lower temperatures.   
 
*
*
O
OH
O
x 
 
Figure 2.4 Poly(2-hydroxyethylmethacrylate) 
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The effect of solvent properties on the polymerization rate of HEMA has been examined with 
the photoreaction of 4, 4’-azobis(2-amidinopropane) and photoinduced electron transfer of a 
thioxanthone derivative and triethanolamine as the radical source. The polymerization rate is 
markedly affected by pH and the medium property [101]. Hydrogels tubes of Poly(HEMA-co-
MMA) have been investigated as potential guidance channels in the central nervous system 
and are also tuned to match the mechanical properties to those of the spinal cord [102]. 
However despite of such wide applications, there are few reports where a surface attached 
photo-crosslinkable PHEMA layers have been synthesized [103, 104]. Partially fluorinated 
PHEMA films grown on gold surfaces via ATRP dramatically alters surface and barrier 
properties, particularly lowering the critical surface tension to as low as 9 mN/m [105]. Ober 
et al.[106] utilized both photolithography and soft lithography combined in a hybrid process 
to form topographic patterning (resolution of ~20 µm) and regiospecific functionalization of 
HEMA hydrogel. Such surfaces possess specificity to histidine-tagged protein in specified 
regions of the surface topology while remaining inert in the other region.  
The present study focuses on the copolymerization of HEMA with acrylate photo-crosslinker 
(DMIA) to synthesize surface attached hydrogel upon UV irradiation. By using this process 
the parameters such as hydrogel composition, crosslinking density, biocompatibility, sensing 
and releasing capability can be easily adjusted by changing the initial composition [91]. 
Section 3.5.4 focuses on synthesis of such photo-crosslinkable HEMA polymers. 
Characterization of its swelling behavior by Surface Plasmon Resonance (SPR) and Optical 
Waveguide Spectroscopy (OWS) is described in Section 4.8.2. 
 
Poly(vinyl alcohol)  
Poly(vinyl alcohol) (PVA), is a semicrystalline polymer and can form crosslinked networks 
by different methods [107-109] (Figure 2.5). PVA is produced by the polymerization of vinyl 
acetate to poly (vinyl acetate) (PVAc) followed by hydrolysis of PVAc to PVA. The degree of 
hydrolysis and polymerization affect the solubility of PVA in water. It has been shown that 
PVA grades with high degree of hydrolysis have a low solubility in water. PVA can be 
subjected to several structural modifications because of the presence of the hydroxyl moiety 
in the backbone [110-112]. PVA has been studied for adsorption onto wide variety of 
hydrophobic surfaces to chemically activate and to hydrophilize the surface. Crystallization is 
the driving force for adsorption and 10-50 Å thick films can be obtained depending on the 
type of hydrophobic surface [113, 114].  
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Figure 2.5 Poly (vinyl alcohol) 
 
PVA must be crosslinked in order to be used for wide variety of applications, especially in the 
area of medicine and pharmaceutical sciences. Generally, PVA is crosslinked through the use 
of difunctional crosslinking agents. Some of the common crosslinking agents that have been 
used for PVA hydrogel preparation include: glutaraldehyde, acetaldehyde and formaldehyde. 
These crosslinking agents when used in presence of sulphuric acid or acetic acid form an 
acetal bridge between the pendent hydroxyl groups of the PVA chains. However, residual 
amount of crosslinker or acid makes such hydrogel toxic and unsuitable for biomedical 
applications. Use of electron beam or gamma irradiation for crosslinking has an advantage, as 
they do not leave behind toxic materials [115]. One problem observed in this technique is 
bubble formation. Recently, there are many reports where repeated freezing and thawing 
cycles have been used to prepare physically crosslinked PVA hydrogels [116]. Here PVA is 
adsorbed on the surface (e.g. gold) by repeated adsorption from aqueous solution and drying 
under N2 [114, 117]. PVA thin films on nonporous poly (styrene) support by adsorption from 
aqueous solution show a resistance to non-specific protein adsorption [118]. These techniques 
are better from biomedical application, but can’t be used to obtain patternable PVA 
crosslinked hydrogel and their opaqueness is a major draw back for opthalmological 
applications. Zweifel et al. have proposed a method for modifying polymers (PVA) with 
certain chromophore, which yields photo-crosslinkable polymers [119-123]. Section 3.5.5 and 
4.5.3 describes photo-crosslinkable PVA in details giving more emphasis on their swelling 
behavior in constraint geometries.  
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2.5  Hydrogel dimensions 
Hydrogels can be synthesized in various sizes ranging from nanometer thickness to centimeter 
thickness as shown in Figure 2.6. Hydrogels, which have seen categorized on the basis of 
dimensions are- 
 
 
Figure 2.6 Classification of hydrogels based on dimension. 
 
mm-hydrogels 
mm-hydrogels also called bulk hydrogels are synthesized by redox initiation of monomers 
and conventional crosslinkers in aqueous solution. But the kinetics of swelling and deswelling 
in these gels are typically governed by diffusion-limited transport of the polymeric 
components of the network in water, the rate of which is inversely proportional to square of 
the dimension of the gel [124-126]. Thus the response time of the gels is very slow. 
Consistent down scaling of the gel size can result in smart gels with sufficiently fast response 
time. Other disadvantages of such hydrogel is an appearance of a lump on the surface which 
eventually develops into a bubble (Figure 2.7) [49,127].  
The deswelling kinetics is also affected by the gel thickness due 
to the “skin” formation phenomenon [128]. This can create 
problems in various applications. It is possible to decrease the 
response time, e.g. by changing the synthesis condition. The 
formation of a porous structure has been shown to effectively 
enhance the deswelling rate of PNIPAAm gels. 
Figure 2.7 Bubble   
formation in bulk gels 
µm-hydrogels  
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µm-hydrogels shown in Figure 2.6 are of great scientific and technological significance due 
their ability to modify surfaces [113, 129-131]. In the present study such hydrogels are 
referred as thin layer with swollen thickness ranging from 0.1 to 4 µm. The use of these 
materials in applications such as photoresists has led to the extensive study of polymeric thin 
films [13, 132, 133]. Moreover, difference in the properties of thin films and bulk materials 
has been a motivation to study the surface phenomena of hydrogels in particular. Micro 
hydrogels have recently being used in (micro-) actuator and sensor applications [20, 59, 134-
137]. Patternable properties make the thin polymer films widely applicable in cell growth and 
protein release processes [138]. Application of smart polymers for micro-systems technology 
requires following conditions to be fulfilled. 
- crosslinking in the applied state (e.g. by photo-crosslinking) 
- fast cross-linking reaction and good adhesion to the substrate 
- control on hydrogel thickness 
- high resolution of patterns 
The above conditions cannot be achieved with simple homopolymers and therefore, requires 
the chemical modification of the polymers [12, 139, 140]. In order to pattern the films, 
copolymers should be developed which can be photo-crosslinked. Photo-crosslinking and 
photolithography of thin films of polymers [141-147] are therefore convenient pathway for 
preparation of network layers with µm dimensions. These techniques have been utilized in 
various applications like paint, printing, adhesives, dental materials, and photo-resists. This 
allows not only photo-patterning of the material [130, 148, 149] with a technique widely used 
in semiconductor technology, but also gel film deposition by cross-linking the initial polymer 
at a substrate surface [5]. 
Recent interest has been expanded to the fields of surface chemistry modifications and 
biotechnology [113, 150-151]. There are only a few reports on the preparation of surface 
attached hydrogels via photo-crosslinking of water-soluble and stimuli sensitive polymers (5, 
7, 8, 91, 146-147, 153]. When linear and crosslinked polymers are confined to a thin film, the 
conformation and mobility of the polymer is confined to a highly anisotropic geometry. The 
constraint imposed by the thin film has been shown to affect characteristic transitions such as 
lower Critical Solution Temperature (LCST) [5, 154] and glass transition temperature. Spin 
coating can be used to produce µm-hydrogels layers with controlled thickness [133]. When 
the polymer film is cast from solvent, the polymer has a tendency to align in the plane of the 
film [31, 133, 155-158]. Surfaces (such as Si wafer, glass and gold) and solvent plays an 
important role in film formation for such µm- hydrogels layers. 
Chapter 4 and 5 extensively describe the synthesis, characterization and application of such  
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µm-hydrogels layers based on-  
1. Poly (N-isopropylacrylamide) (PNIPAAm)  
2. Poly (2-hydroxyethylmethacrylate (PHEMA)  
3. Poly (vinyl alcohol) (PVA) and Poly (glycidol) 
4. Poly (N, N-dimethylacrylamide) (PDMAAm) 
A novel method involving photo-crosslinking reactions has been used in this study for the 
preparation of temperature sensitive hydrogel films. The principle of this method is based on 
the phase transition phenomena of temperature-sensitive polymers in combination with 
photochemistry. This new synthesis strategy offers a number of advantages. Firstly, this 
method uses predefined polymers, the properties of which are already known (these include 
compositions, molecular weight and thermal properties). Secondly, this method may produce 
thin patternable film with homogeneous cross-linking densities, since these films are prepared 
from polymers with statistically distributed crosslinker.   
 
nm-hydrogels 
nm-hydrogels or nanogels were first synthesized by Staudinger et al. in 1935 [159] and they 
are generally spherical gels with diameters in submicrometer range [38, 160]. The colloidal 
microgel systems were conventionally prepared using a thermosensitive monomer, with 
potassium persulfate as the initiator, sodium dodecylsulfate (SDS) as the surfactant and 
methylenebisacrylamide as the crosslinker. Emulsion and precipitation polymerization have 
also been commonly used to prepare PNIPAAm microgels. Poly(methylvinylether) microgels 
through high energy irradiation have also been reported [64, 115]. Colloidal stability of 
nanogels is dependent on the surfactant and it is difficult to prepare small particles in the 
absence of surfactants. A high concentration of surfactant tends to increase the phase 
transition temperature and degree of swelling [161]. The properties of nanogels are 
significantly influenced by temperature, presence of hydrophobic/hydrophilic groups in the 
polymer chains, cross-linking density of the hydrogels or concentration of surfactant sodium 
dodecyl sulphate (SDS) in the solution. Colloidal stability of nanogels is governed by the 
balance of van der Waals attractive forces and electrostatic forces. The attractive forces cause 
aggregation, whereas the steric and electrostatic forces enhance the stability of the colloidal 
system. 
Recently, photo-crosslinking reactions have been developed for the preparation of sensitive 
microspheres with micrometer (microgels) and submicrometer dimensions (nanogels) [162]. 
Basic approach for the synthesis is derived from the coil-globule transition behavior of 
thermosensitive polymer in aqueous solutions with or without SDS. In absence of SDS, 
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polymer aggregates above its LCST but the addition of SDS causes an interaction of polymer 
segments with the hydrophobic tails of the surfactant. Therefore, the aggregation is 
suppressed leading to the formation of polymer globules stabilized by adsorbed surfactant 
[163]. The method described in Figure 2.8 has been used by Vo et al. to prepare photo-
crosslinkable nanogels. In addition the microgels with a core shell structures have also been 
recently developed [160, 164].  
 
T > LCST T < LCST
UV
SDS
 
 
Figure 2.8 Formation of colloidal nanogels by photo-crosslinking [160]. 
 
Colloidal nanogels using the above method minimize the differences in the cross-linking 
density between the core and the exterior of nanogel particle [165]. The random distribution 
of the comonomers can be obtained in polymers. In addition the parameters that control 
particle size, swellability and phase transition temperature of nanogels can be varied.  
As the photo-crosslinking process to synthesize colloidal gels has been widely studied, part of 
the aim is to briefly compare the behavior of nanogels with surface attached thin photo-
crosslinked hydrogel layer for their properties like transition temperature and swelling ratios. 
These parameters are essential when such material are used in applications like cell 
attachment-detachment processes. The absence of thioxanthone in nanogel preparation can 
make them suitable candidates for cell experiments. Recently, Frank et al. have shown the 
formation of fluid biomembranes on hydrophilic silica aerogels [166] and this can be the basis 
of future experiments involving cell attachment-detachment on thermoresponsive nanogels. 
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2.6  Characterization methods for smart polymers and hydrogels. 
2.6.1  Cloud point 
The reversible solubility of linear thermoresponsive polymers is a known fact and early 
researchers used the visual observation of microscopic phase separation and heating was 
among the employed techniques. The cloud point is rather simple method and is commonly 
used for linear stimuli sensitive polymers [70, 71]. The cloud point for thermosensitive 
polymers is usually determined by plotting the temperature as a function of the overall 
polymer concentration. The minimum in the cloud point curve is the LCST, since it denotes 
the lowest temperature at which phase separation can occur. Various researchers have 
quantified the method by using a standard UV-visible spectrophotometer. The presence of 
additives in the system changes the precipitated aggregate’s size, which is detected at a 
different wavelength. It should be noted that cloud point techniques are sensitive only to the 
macroscopic phase separation phenomena, i.e. the formation of polymer aggregates. 
Therefore the characteristic temperatures obtained with this technique at low polymer 
concentration are higher than those obtained from DSC [33]. The turbidimetric measurements 
of acidic copolymers at higher pH values do not show any transition upon heating at 70°C. 
This is due to the fact that the copolymers are charged at these pH values. The charged 
copolymers have no tendency to aggregate and no visible phase transition occurs [57, 167-
169].  
 
2.6.2  Differential Scanning Calorimetry  
DSC is a vital tool to measure the LCST of a polymer system. Depending on the type of 
reaction, a peak is obtained in the DSC thermogram, which gives information about transition 
temperature and heat of transition. An endothermic peak is observed at the LCST upon 
heating aqueous solution of PNIPAAm [49, 69, 73, 88]. The measured transition heats varies 
with concentration, this is attributed to the energy required to beak hydrogen bonds between 
polymer and water molecules. Large differences have been found to exits in the shape and 
height of the endotherms between polymer of different molecular weight distribution, 
although all the endotherms have a similar enthalpy which is typical for hydrogen bond 
interactions. The characteristics (height, width, peak position) of the endotherm are 
independent of concentration for at least the range 0.4-4.0 mg/ml. In this study DSC has been 
used for LCST determination of thermosensitive linear polymer and results are compared with 
other techniques like SPR. 
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2.6.3  Gravimetric methods 
Swelling ratio and solvent content in bulk gels can also be determined by weighing the bulk 
sized hydrogels [171]. This approach is quite simple and early gel theories have been 
developed by simply weighing the gels in different conditions. Gel dimensions can also be 
studied by using a microscope and a camera to determine the degree of swelling in response 
to different stimuli [49, 21]. Both these techniques are only applicable to bulk gel and the 
latter technique gives a slight better results.  
 
2.6.4  Infrared Spectroscopy   
Different vibrational frequencies of chemical bonds above and below transition temperature 
can be used to determine LCST by infrared spectroscopy. There exists a drastic change in the 
inter and intra molecular interactions at the LCST of gels. In case of PNIPAAm, at low 
temperatures the both N-H and C=O groups forms H-bonding with water molecules, which 
disappears at temperatures higher than LCST. This phenomena can be monitored by 
investigating the changes in the vibrational frequencies of the amide bonds [172].  
 
2.6.5  Surface Plasmon Resonance (SPR) 
SPR has been recently used to determine the film thickness [118, 173, 174], swelling ratio of 
thin polymer layers [7, 8, 91, 175, 176], in biological sensing [177, 178, 180, 181] and to 
study the conformational dynamics [182] of polymers. It is a surface sensitive technique 
based on the detection of refractive index changes in a thin dielectric layer on top of a noble 
metal surface and probed by the evanescent field of a laser beam. SPR instrument set-up can 
also be used for the investigation of thick films (dry thickness > 500 nm) by using Optical 
Waveguide Spectroscopy (OWS). Reflected intensity versus time scans from SPR gives 
information on the kinetics of swelling, which is inaccessible by other techniques. Surface 
sensitivity of this technique is due to the evanescent field of the surface plasmon. The latter is 
an electromagnetic wave travelling along the interface between the metal and a dielectric. Its 
electric field decays exponentially into both materials over a distance of few hundred 
nanometers. Reflected intensity versus angle scans when analysed by Fresnel calculations 
results in simultaneous determination of refractive index and film thickness of hydrogel thin 
layer. In this study SPR has been used extensively and model for hydrogel thickness 
determination has also been developed. The details are mentioned in Section 4.7 and 4.8. 
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2.6.6  Atomic Force Microscopy (AFM) 
AFM is now widely used to monitor the surface morphology, roughness, viewing single 
molecules of polymers and thin films [183-185]. The measurements involves an automatic 
controlled scanning of a surface with a feedback mechanisms that enable the piezo-electric 
scanner to maintain the tip at a constant force or height above the sample surface. As the tip 
scans the surface of the sample, moving up and down with the contour of the surface, the laser 
beam is deflected off the attached cantilever into a dual element photodiode. The difference in 
light intensity is measured and then converted to voltage. Recently, AFM has been used to 
study the single molecules on surfaces and swelling behavior of micro-patterned stimuli 
response polymers [186, 187]. A force distance curve obtained from AFM gives a wide range 
of information related to the mechanical properties of photo-crosslinked temperature 
responsive hydrogel [187]. AFM imaging of hydrogel networks has revealed domains on the 
submicrometer length scale that are related to inhomogeneous gel network structures [188, 
189]. In this study, AFM has been used to study the topography and film roughness of the 
patterned thin hydrogel multilayer assembly.  
 
2.7  Applications of stimuli sensitive polymers and hydrogels 
2.7.1  Affinity chromatography / biocatalysis 
The thermally induced precipitation of a smart polymer-protein bioconjugate from a complex 
solution simultaneously and selectively removes only the protein that is conjugated to the 
polymer from the solution. This phenomenon can be used for the separation of an enzyme 
from its reaction solution, in order to enable both recovery of the product from the supernatant 
and the recycling of the enzyme [190]. If the conjugated protein forms a complex with 
another biomolecule for example by affinity recognition, then the complex can selectively 
precipitate (Figure 2.9). This has been widely used by Hoffmann et al. to selectively remove 
IgG from solution as a PNIPAAm-protein A/IgG complex, in a fashion similar to affinity 
chromatography [190]. Recently, a thermoresponsive nanostructures of PNIPAAm-lipid 
conjugate featuring two distinct temperature-triggered phase transitions has been reported. 
[191-193]. Other possible applications of stimuli sensitive polymers are mentioned in Table 
2.3.  
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Polymer ligand complex                         Receptor                                                        Complex 
 
Reuse Stimuli 
Eluting solution
 
 
Figure 2.9 Stimuli induced phase separation of a random conjugate of a smart polymer and a  
                  ligand that is complexed with a recognition protein. 
 
 
Field Specific use Lit. 
Biocatalysis Immobilisation of living cells 
Reversible soluble biocatalysis  
194 
193, 195-197, 199 
Energy transducer Artificial muscle 200, 201 
Medicine Controlled drug release 
Site directed drug release 
202, 203 
204, 205 
Analysis  Thermo, pH and ion selective sensors 137 
Size selective separation  Dewatering of slurries  
Concentrating macromolecular solutions 
Controlled permeation of membranes 
206, 207 
208, 209  
210, 211 
Downstream processing Affinity precipitation  
 
212 
 
 
Table 2.3 Applications of stimuli sensitive polymers. 
 
2.7.2  Controlled drug delivery 
Biocompatibility and large volume changes of hydrogels have resulted in applications like 
biomaterials [18, 19, 26, 213, 214] and drug delivery [27, 28, 215]. Release kinetics of target 
molecules like drug from bulk hydrogel shows a two stage process: an initial rapid release, 
followed by a much slower diffusion of biomolecule. It has been hypothesized that as the gel 
begins to collapse, the initial deswelling hydrostatically pumps out drug. However, a thick 
skin then quickly forms at the interface of the gel with the aqueous solution as this region is 
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first to contact the solution, and thus to undergo the phase transition. The thin hydrogel with a 
fast release response are often fragile and this limits its use. Erosion of a multilayer 
polyelectrolyte films has been recently used for the release of functional plasmid DNA from 
the surface [30]. Temperature and pH responsive hydrogel can also be used for the site-
specific drug release. The pH-based response can be utilized for the release of drug either in 
stomach or in small intestine [217].  
 
2.7.3  Controlled cell attachment-detachment 
Thermoresponsive materials are of particular interest for cell culture technologies because the 
volume phase transition can be tuned to occur within the settings of the physiological 
conditions [218-221]. Below phase transition temperature, the surface of such material is 
hydrophilic, swollen and nonfouling. As the temperature increases above LCST, polymer 
chains collapses and surface becomes hydrophobic and protein-retentive (Figure 2.10). 
Hydrophobic surfaces promote cell adhesion and proliferation at 37°C [138, 222, 223, 225-
227]. Reversible swelling of thermoresponsive materials results in detachment of cells [17, 
22, 23]. Okano introduced NIPAAm based hydrogels as a support for cell cultivation [228, 
229]. NIPAAm copolymers result in rapid cell detachment due to the presence of a more 
hydrophilic 2-carboxyisopropylacrylamide as a comonomer [25]. Introduction of 
poly(ethyleneglycol) (PEG) in NIPAAm chains further increases the hydrophilicity and 
results in fast cell detachment [230]. Polyelectrolytes [22], surface functionalized nanowires 
[232], and carboxyl terminated NIPAAm polymers [17] also provide promising results for 
such an application.  
 
Stimuli
Proteins
Cells
Stimuli sensitive polymer (swollen form 
e.g. PNIPAAM)
Release layer (e.g. PHEMA)
 
Figure 2.10 Release of protein molecules and cells from thermoresponsive bilayer, as a result 
                     of increased hydrophilicity of upper sensitive layer. 
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3.  Experimental procedures 
3.1  Introduction 
This chapter describes the experimental procedures for synthesizing and characterizing 
various photo-crossslinkers, adhesion promoters and polymers. The chapter is divided in eight 
sections. The Section 3.2 provides information about the reagents and solvents used in this 
study. The instrumental part is described in the Section 3.3 with special emphasis on SPR 
(Surface Plasmon Resonance) spectroscopy and Optical Waveguide Spectroscopy (OWS). 
The Section 3.4 presents synthesis and characterization of photo-crosslinkers and adhesion 
promoters based on dimethylmaleimide moiety. Synthesis of cyclam monomer and 
acrylaminoalkanoic acid is also described in this section. The Section 3.5 of this chapter deals 
with the polymerization of synthesized photo-crosslinker with the respective monomers (e.g. 
DMAAm, HEMA, PVA, polyglycidol, NIPAAm). The later sections briefly describe the 
process of film formation, patterning and determination of refractive index from SPR data. 
 
3.2  Reagents and solvents 
- N-isopropylacrylamide (NIPAAm; Acrōs) was recrystallized from distilled hexane. 
- N,N-dimethylacrylamide (DMAAm; Aldrich), 2-hydroxyethylmethacrylate (HEMA; 
Acrōs) and ethyoxy ethyl glycidyl ether were distilled under vacuum and stored at low 
temperature (minus 20°C). 
- 1,4,8,11-tetraaza-cyclotetradecane (Cyclam, Lancaster), di-tert-butyldicarbonate ((boc)2O, 
Acros), acryloyl chloride (AcrCl, Merck), sodium carbonate (Na2CO3) and trifluoroacetic 
acid (TFA) were of reagent quality grade and used as received.  
- Poly (vinyl alcohol) (PVA; Acrōs) 98 % hydrolyzed with av. mol. wt. 16,000 and 98-99% 
hydrolyzed with mol. wt. 31000 – 50000 was dried overnight under vacuum before use. 
- Diaminoethane (Fluka), dimethyl maleic anhydride (97%, Lancaster), 1M ZnEt2 in hexane 
(Aldrich), sodium dodecyl sulfate (SDS), acrylic acid (99.5%, Acrōs), N,N‘-
dicyclohexylcarbodiimide (DCC, Merck), oxalyl chloride (Merck), 3-aminopropanoic 
acid (Acrōs), 6-aminohexanoic acid (Acrōs), 11-aminoundecanoic acid (Acrōs), 
thioxanthone (Aldrich), 2-hydroxyethylamine (Acrōs), palmitoyl chloride (Acrōs), thionyl 
chloride, 4-(dimethylamino pyridine) (DMAP, Fluka), triethylamine (Merck), thiolacetic 
acid (Merck) and allyl amine (Merck) were used as received. 
- 2,2’-azobis(isobutyronitrile) (AIBN) was recrystallized from methanol prior to use.  
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- Silica gel 60 (0.040-0.063mm, Merck) was used as received. 
- Sodium chloride (J. T. Baker), sodium sulfate (Merck) sodium carbonate (Grüssing) 
magnesium sulfate (Merck), hydrogen peroxide (J. T. Baker) and sulphuric acid (Merck) 
were used as received.  
- Solvents: 1, 4-dioxane, toluene, dichloromethane, petroleum ether, diethylether, n- hexane, 
ethylacetate, chloroform, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), glacial 
acetic acid (Appli Chem), N-methyl-2-pyrrolidone (NMP), dimethylsulphoxide (DMSO), 
ethanol, pyridine, 2 ethoxy ethylacetate and butanone.  
All these solvents were dried and purified using standard procedures or used as received.  
 
3.3  Instrumentation 
Surface Plasmon Resonance Spectroscopy (SPR) and Optical Waveguide Spectroscopy 
(OWS) 
SPR along with OWS were used to determine the film thickness and swelling ratios of photo-
crosslinked thin films (Figure 3.1). This technique provides an in dept information about the 
polymer in thin films and at interfaces. It is a non-destructive and surface sensitive technique 
due to the evanescent field of the surface plasmon (SPs). Method does not require labeling 
and is well suited for solid-air or solid-liquid interfaces and allows a real time analysis of 
changes in the probed zone. Excitation of the surface plasmon results in simultaneous 
determination of film thickness and refractive index of hydrogel film.   
Surface plasmon is an electromagnetic wave traveling along the interface between the metal 
and a dielectric. For SPs to exist at such an interface, the real part of the dielectric constant of 
the two media must be of opposite sign. This condition is met in the infrared (IR)-visible 
region for air / metal and water / metal interfaces (where the ε of metal is negative and that of 
air or water is positive). SPs cannot be excited directly at planar air / metal or water / metal 
interfaces because momentum matching condition cannot be satisfied. Therefore, it becomes 
necessary to use a prism-coupling arrangement or a grating to excite SPs.  
He-Ne laser beam with a wavelength of 632.8 nm was used for excitation of SPs in 
Kretschmann configuration [Figure 3.2 (a)]. The substrate was LaSFN9 glass slides with 45 
nm gold film. The Au film was deposited by Edward 306 Autocoater. After adsorption of 
DMITAc adhesion promoter on Au, photo-crosslinkable polymer solution was spin coated 
and irradiated with UV light as described in Section 4.6. For measuring temperature 
dependent swelling a set up was constructed. A peristaltic pump was attached to the SPR cell  
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Prism + LaSFN9 +
Au + Polymer film
Laser (He Ne)   Polarizer               Chopper   
Goniometer
Detector
Computer Goniometer controller                    Lock-in amplifier
Figure 3.1 Schematic representation of SPR and OWS setup. 
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Figure 3.2 (a) SPR sample cell in Kretschmann configuration, (b) SPR angular scans  
                  with θc as angle for total internal reflection followed by three waveguide  
                  modes and a plasmom minima (θSPR). 
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(SPR cell consists of an sample holder, LaSFN9 with gold coating, a prism, water bath to 
maintain temperature). The temperature inside the cell was measured with a thermocouple of 
0.1 °C accuracy. 
Film thickness and swelling were determined in water, PBS buffer, and metal ion solution at 
various temperatures. PBS buffer was prepared by dissolving a PBS tablet in 200 ml water. 
The laser beam after reflecting from the gold-coated sample with a prism (mounted on a 
goniometer) was monitored by means of a photodiode detector. Time dependent SPR changes 
in gel were observed by SPR kinetic scans where the reflected intensity versus time scans 
were recorded at a fixed angle. Reflected intensity versus angle scans were monitored [Figure 
3.2 (b)] by varying the angle of incidence from 18° to 90° for dry polymer film and 40° to 90° 
for swollen hydrogel film. When the momentum and energy of the laser beam and the surface 
plasmon excitation is matched, minima θSPR is observed. Thickness and the refractive index of 
the polymer layer determine the angle of excitation. Small size (in terms of thickness) of 
hydrogel layer results in faster response, in the order of seconds, however it takes some time 
(min) to change temperature in SPR cell. After each angular scans, an equilibrium time of 20-
25 minutes was given to obtain a desired temperature in SPR cell. 
Optical Waveguide Spectroscopy utilizes the same principle and was used when the film were 
sufficiently thick (>500 nm dry thickness). Additional minima were observed, corresponding 
to the laser beam coupling into waveguide mode. Resulting scans from SPR and OWS were 
fit to Fresnel calculations and refractive index and thickness were determined. Refractive 
index was converted to polymer fraction φp, which finally gave volume degree of swelling (1/ 
φp) according to the linear equation – 
 
η = 0.00190 φp + 1.33123  Equation 3.1 
 
The plot of refractive index versus temperature was fit to a sigmoidal curve and the inflection 
point of the curve was defined as the transition temperature for all thermoresponsive thin 
hydrogel films. Laser beam covers an area of around 1 mm2 and SPR data obtained was an 
average over this size. A slight difference in the film thickness and refractive index resulted in 
broader minima than those of the Fresnel calculations. 
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Atomic Force Microscopy (AFM) 
AFM measurements were performed on Dimension 3100 (Digital Instruments Inc). AFM in 
tapping mode was used to study film morphology, roughness and step heights of the patterned 
surfaces in the dry state. Here, a sharp tip is scanned over a surface. The forces between the 
tip and the sample cause the cantilever to deflect and bend, and photo diode detector measures 
the deflections (Figure 3.3). The samples were moved using a piezo-electric sample stage and 
various properties were determined by measuring the cantilever deflection as the function of 
the z- movement of the stage. SPR and OWS provide accurate results related to the volume 
degree of swelling and thickness for thin photo-crosslinked films. These results were 
compared with the AFM measurements. AFM gives additional information on the height and 
swelling ratio of the patterned surfaces. Surface roughness of single polymer layers and 
multilayer films were studied on both Au and Si wafers.  
 
Laser 
Mirror
Photo-detector
Amplifier
Register
Sample
Cantilever
 
Figure 3.3 Schematic representation of AFM setup. 
 
 
NMR spectroscopy 
The 1H NMR and 13C NMR spectras were recorded on a Bruker DRX 500 spectrometer (500 
MHz). 
  
DSC  
DSC measurements were carried out with a TA Instruments DSC 2920 to determine the Tc of 
the polymer solutions. The DSC thermograms of the polymer solutions were recorded at a 
heating rate of 5 °C/min. The polymer concentration was 50 mg/ml in deionised water and the 
onset value of the transition was taken as Tc.  
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Gel-Permeation Chromatography (GPC) 
Molecular weight (Mw) and molecular weight distribution (Mw/Mn) of the DMAAm 
copolymers were determined by Gel-Permeation Chromatography with a Waters instrument 
equipped with UV and RI detectors and using Waters’ “Ultrastyragel” columns. Polymer 
samples (3 g/L) were prepared with 2,6-di-tert-butyl-4-methylphenol (BHT) as an internal 
standard. The measurements were performed at 30 °C in chloroform containing 0.1 vol % 
triethylamine (TEA) as the mobile phase with a flow rate of 1 ml/min. NIPAAm, HEMA and 
polyglycidols samples were analysed in N,N-dimethylformamide (DMF) with 5 mmol/L KBr 
at 45 °C using a set of PSS GRAM 10µ columns: 103, 102 and 30 Å. All chromatograms were 
obtained at 1 mL/min. Differential refractometer from WGE Dr. Bures was used as 
concentration detector and the molar masses were determined using the DAWN Multi Angle 
Laser Light Scattering Detector (MALLS) from Wyatt Technology Corporation. 
 
UV-VIS Spectroscopy 
UV-VIS spectra were recorded on UV-VIS Perkin Elmer Lambda 19 spectrometer. For the 
estimation of photo-crosslinker content, 1 mole % of polymer solution in water for NIPAAm, 
DMAAm and PVA samples was used. Spectroscopic grade DMSO solvent was used for 
HEMA samples.  
 
IR Spectroscopy  
IR spectras were recorded on UNICAM RS 1000 Fourier transform infrared instrument. The 
samples were dissolved in chloroform and then the solution was added drop wise on KBr 
pellet. 
 
Contact angle measurement 
Drop shape analysis system DSA 10 (KRŰSS) was used for contact angle measurements. 
 
Scanning Electron Microscopy (SEM) 
SEM of nanogels were recorded on GEMINI-Zeiss DMS-982 scanning electron microscope. 
Dried nanogels samples on glass substrate were coated with Pd/Au prior to the measurements. 
 
Elemental analysis 
Carlo Erba CHNSO EA 1108 elemental analyser was used to estimate the composition of the 
various compounds. 
Experimental procedures 
 
33
Spin coating  
Spin coater model P 6700 series (speedline technologies) was used to prepare thin film (~ 200 
nm dry thickness) on the glass substrate with 250 rpm for 30 sec and 3000 rpm for 180 sec. 
Thicker films were obtained by increasing the polymer concentration to 10 and 15wt-%. 
 
X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy studies were performed on ESCA 5700 from Physical 
Electronics. The S2p spectra were recorded from a sampling area of ~ 1 mm2 with a takeoff 
angle of 45° and analyser pass energy of 29.35 eV.  
 
UV Lamp  
UV lamp (OSRAM, 100W, Hg lamp, wavelength > 250 nm) equipped with an optical lens, a 
mirror and a double wall glass reactor connected to water circulating thermostat was used for 
photo-crosslinking process.  
UV lamp (Dr. hönle, metal halide high pressure lamp, wavelength >310 nm) equipped with 
H-1 filter. 
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3.4  Synthesis of monomers and photo-crosslinkers  
3.4.1  Synthesis of acrylate photo-crossslinker (DMIA) 
Acrylate photo-crossslinker or acrylic acid 2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-
yl)-ethyl ester (DMIA) was synthesized  as shown below. 
 
Synthesis of 1-(2-hydroxy-ethyl)-3,4-dimethyl-pyrrole-2,5-dione (1) 
 
O
O
O NH2
OH
OH
N
O
O
+
Toluene
130°C, 5 h
1  
 
Procedure: 12.623 g (0.206 mol) of 2-aminoethanol was added to a stirred solution of 12.611 
g (0.1 mol) dimethylmaleic anhydride in 400 ml toluene. The mixture was boiled at 130-150 
°C for 5 h using a reflux condenser with a water trap to remove water as the side product. The 
reaction mixture was cooled at room temperature and the solvent was evaporated under 
reduced pressure at 40 °C. The product (1) was purified by column chromatography by using 
1:1 ratio of n-hexane and ethylacetate (Rf = 0.38) and characterized by 1H-NMR, 13C-NMR, 
elemental analysis, melting point and IR spectroscopy. 
Yield: 74% 
Physical state: colorless crystals 
Melting point: 51-52°C 
Elemental analysis calculated for C8H11NO3 
 C H N 
Theoretical 56.79 6.53 8.27 
Experimental 56.63 6.54 8.22 
 
1H NMR (CDCl3): δ (ppm) = 1.94 (s, 6 H, 2 CH3), 2.32 (s, 1 H, O-H), 3.65 (t, 3J = 4.9 Hz, 2 
H, N-CH2), 3.71 (t, 3J = 5.2 Hz, 2 H, O-CH2). 
13C NMR (CDCl3): δ(ppm) = 8.67 (2 CH3), 40.76 (N-CH2), 61.12 (O-CH2), 137.35 (C=C), 
172.59 (2 C=O). 
IR (KBr): ν (cm-1) = 3510 (O-H), 2953 (C-H), 1769 and 1703 (C=O), 1024 (O-H).                        
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Synthesis of acrylic acid 2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl ester (2) 
 
N
O
O
O
O
OH
N
O
O
O
Cl
Et3N / CH2Cl2+
1 2  
 
Procedure: 5.758 g (0.034 mol) of 1-(2-hydroxy-ethyl)-3,4-dimethyl-pyrrole-2,5-dione (1) 
and 4.132 g (0.040 mol) of triethylamine were added to 100 ml dichloromethane. The mixture 
was cooled to 0 °C in an ice bath. 3.696 g (0.040 mol) of acryloyl chloride was added drop 
wise to the stirred suspension. The suspension was stirred at 4 °C initially for 1 h and was 
then allowed to stir at room temperature for 24 h. The solvent was evaporated under reduced 
pressure at 40 °C. Reactions was also carried out in the presence of different solvents and 
bases with similar molar ratios of reactants. The product (2) was characterized by 1H-NMR, 
13C-NMR, elemental analysis, and IR spectroscopy.  
Yield: 98% 
Physical state: colorless viscous liquid 
Elemental analysis calculated for C11H13NO4 
 C H N 
Theoretical 59.18 5.86 6.27 
Experimental 58.42 6.09 5.72 
 
1H NMR (CDCl3): δ(ppm) = 1.95(s, 6 H, 2 CH3), 3.77 (t, 3J = 5.4 Hz, 2 H, N-CH2), 4.24 (t, 3J 
= 5.3 Hz, 2 H, O-CH2), 5.79 (dd, 2J = 1.4 Hz, 3J = 10.3 Hz, 1 H, =CH2), 6.01 (dd, 3J = 10.4 
Hz, 3J = 17.3 Hz, 1 H, =CH), 6.33 (dd, 2J = 1.4 Hz, 3J = 17.3 Hz, 1 H, =CH2). 
13C NMR (CDCl3): δ(ppm) = 8.67 (2 CH3), 36.75 (N-CH2), 61.7 (O-CH2), 127.93 ( =CH),       
131.27 (=CH2), 137.32 (C=C), 165.76 (O-C=O), 171.76 (N-C=O).             
IR (KBr): ν (cm-1) = 2956 (C-H), 1771 and 1709(C=O), 1635 (C=C).      
                   
3.4.2  Synthesis of acrylamide photo-crossslinker (DMIAAm) 
DMIAAm photo-crossslinker was synthesized according to the procedure reported in the 
literature [237]. The synthesis involved the incorporation of dimethylmaleimide group in a 
boc-protected diaminoethane, followed by the removal of boc group. Acryloyl group was 
incorporated in the last step.  
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Synthesis of (2-amino-ethyl)-carbamic acid tert-butyl ester (4) 
 
NH2
NH2 NH2 NH-boc
(boc)2O
1,4-Dioxane, 25 °C, 48 h
3 4  
 
Procedure: 21.825 g (0.1 mol) of di-tert-butyldicarbonate in 300 ml 1,4-dioxane was added 
slowly to a stirred solution of 46.465 g (0.7731 mol) diaminoethane (3) in 150 ml 1,4-dioxane 
over a period of 3 h at room temperature. After stirring the reaction mixture for 48 h at 25 °C, 
the precipitate was filtered. The residual amount of 1,4-dioxane and diaminoethane were 
evaporated under vacuum. 250 ml water was subsequently added, and the precipitate was then 
removed by filtration. The resultant aqueous solution was saturated with sodium chloride and 
extracted 5 times with 100 ml dichloromethane. The organic phase was dried with sodium 
sulfate and then solvent was evaporated under reduced pressure. The compound (4) was 
characterized by 1H NMR and 13C NMR and IR spectroscopy. 
Yield: 85 % 
Physical state: colorless liquid 
1H NMR (CDCl3): δ(ppm) = 1.39 (s, 9 H, 3 CH3), 1.50 (s, 2 H, NH2), 2.74 (t, 3J = 5.9 Hz, 2 
H, NH2-CH2), 3.12 (m, 2 H, NH-CH2), 5.01 (s, 1 H, NH).  
13C NMR (CDCl3): δ(ppm) = 28.31 (3 CH3), 41.73 (NH2-CH2), 43.20 (NH-CH2), 79.06 
(C(CH3)3), 156.18 (C=O). 
IR (KBr): ν (cm-1) = 3356 (N-H), 2969 (C-H), 2940 (C-H), 1687 (amide I), 1524 (amide II).  
                       
Synthesis of [2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl-ethyl]-carbamic acid tert-
butyl ester (5) 
 
N
O
O
NHbocNH2 NH-bocO
O
O
+ Toluene
130 °C, 2.5 h
4 5  
 
Procedure: 10.0 g (0.062 mol) of (2-amino-ethyl)-carbamic acid tert-butyl ester (4) was 
added to a stirred solution of 7.869 g (0.062 mol) dimethyl maleic anhydride in 400 ml 
toluene. The mixture was boiled at 130 °C for 2.5 h using reflux condenser, with a water trap 
to remove water as a side product. The resultant solution was evaporated under reduced 
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pressure. The compound (5) was characterized by 1H NMR and 13C NMR and IR 
spectroscopy. 
Yield: 82 % 
Physical state: Colorless solid 
1H NMR (CDCl3): δ (ppm) = 1.38 (s, 9 H, 3 CH3), 1.92 (s, 6 H, 2 CH3), 3.22-3.28 (m, 2 H, 
NH CH2), 3.52-3.56 (m, 2 H, N-CH2), 4.72 (s, 1 H, NH). 
13C NMR (CDCl3): δ (ppm) = 8.68 (2 CH3), 28.25 (3 CH3), 37.92 (N-CH2), 39.73 (NH-CH2), 
79.35 (C(CH3)3), 137.30 (C=C), 155.91 (C=O), 172.21 (2 C=O).  
IR (KBr): ν (cm-1) = 3385 (N-H), 2991 (C-H), 2940 (C-H), 1718 (C=O), 1684 (amide I), 1523 
(amide II). 
 
Synthesis of 1-(2-amino-ethyl)-3,4-dimethyl-pyrrole-2,5-dione (6) 
 
N
O
O
NHboc N
O
O
NH2
CF3COOH
CH2Cl2, RT
5 6  
 
Procedure: 80 ml of trifluoroacetic acid was added to a solution of 12.07 g (0.045 mol) (5) in 
35 ml dichloromethane. The mixture was stirred for 45 min at room temperature. The 
resulting solution was concentrated to remove TFA and dichloromethane under reduced 
pressure. Diethylamine was added to the product obtained in 140 ml water until neutral pH 
was achieved. The solution was stirred for 2 h at room temperature then extracted with an 
excess of ethyl acetate. The organic phase was dried with sodium sulfate and solvent was 
evaporated under reduced pressure. The compound (6) was characterized by 1H-NMR and 
13C-NMR and IR spectroscopy. 
Yield: 62 % 
Physical state: colorless solid 
1H NMR (DMSO-d6): δ (ppm) = 1.90 (s, 6 H, 2 CH3), 2.88-2.94 (m, 2 H, NH2-CH2), 3.63 (t, 
3J = 6.0 Hz, 2 H, NH-CH2), 7.84 (s, 2 H, NH2). 
13C NMR (DMSO-d6): δ (ppm) = 8.65 (2 CH3), 34.82 (NH2-CH2), 37.84 (N-CH2), 136.83 
(C=C), 171.30 (2 C=O). 
IR (KBr): ν (cm-1) = 3452 (NH2), 2928 (CH), 1712 (C=O).  
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Synthesis of N-[2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-acrylamide (7) 
 
N
O
O
N
H
O
N
O
O
NH2
O
Cl
Na2CO3 / CH2Cl2+
6 7  
 
Procedure: 1.415 g (0.008 mol) of 1-(2-amino-ethyl)-3,4-dimethyl-pyrrole-2,5-dione (6) and 
0.891g (0.008 mol) of sodium carbonate were added to 75 ml dichloromethane. The mixture 
was cooled to 0°C in an ice bath. 0.716 g (0.008 mol) of acryloyl chloride was added drop 
wise to the stirred suspension at 0 °C. The suspension was then stirred at room temperature 
for 5 h. The resultant solution was filtered, and solvent was evaporated under reduced 
pressure. The product (7) was purified by column chromatography by using 1:2 ratio of n-
hexane and ethylacetate and characterized by 1H-NMR, 13C-NMR, melting point and IR 
spectroscopy. 
Yield: 64 % 
Physical state: colorless solid 
Melting point: 123-124 °C 
1H NMR (CDCl3): δ (ppm) = 1.95 (s, 6 H, 2 CH3), 3.48-3.54 (m, 2 H, N-CH2), 3.68-3.72 (m, 
2 H, NH-CH2), 5.61 (dd, 2J = 1.3 Hz, 3J = 10.3 Hz, 1 H, =CH2), 6.05 (dd, 3J = 10.3 Hz, 3J = 
17.0 Hz, 1 H =CH), 6.14 (s, 1 H, NH), 6.22 (dd, 2J = 1.3 Hz, 3J = 17.0 Hz, 1 H, =CH2). 
13C NMR (CDCl3): δ (ppm) = 8.73 (2 CH3), 37.36 (N-CH2), 39.70 (NH-CH2), 126.33 (=CH2), 
130.80 (=CH), 137.50 (C=C), 165.79 (C=O acrylic), 172.47 (C=O, maleic). 
IR (KBr): ν (cm-1) = 3065 (CH), 2934 (C-H), 1713 (C=O), 1657 (amide I), 1625 (C=C), 1546 
(amide II).  
 
3.4.3  Synthesis of Polyol photo-crossslinker [(DMIPA) and (DMIPACl)] 
Synthesis of (3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-propionic acid (DMIPA) (8) 
 
O
O
O N
O
O
O
OHNH2
O
OH+
Glacial acetic acid
130 °C
8  
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Procedure: 10.690 g (0.12 mol) of β-alanine was added to a stirred solution of 12.611 g (0.1 
mol) dimethyl maleic anhydride in 200 ml of glacial acetic acid. The mixture was boiled at 
120-130 °C for 48 h using a reflux condenser with a water trap to remove water as a side 
product. The reaction mixture was cooled at room temperature and the solvent was evaporated 
under reduced pressure. The product (8) was purified by column chromatography by using 1:1 
ratio of n-hexane and ethylacetate (Rf = 0.5) and characterized by 1H-NMR, 13C-NMR, 
elemental analysis, melting point and IR spectroscopy. 
Yield: 72% 
Physical state: colorless crystals 
Melting point: 84-85 °C 
Elemental analysis calculated for C9H11O4N 
 C H N 
Theoretical 54.86 5.64 7.12 
Experimental 54.82 5.62 7.10 
 
1H NMR (CH3OD): δ(ppm) = 2.0 (s, 6 H, 2 CH3), 2.62 (t, 3J = 7.2 Hz, 2 H, HOOC-CH2), 3.77 
(t, 3J = 7.2 Hz, 2 H, N-CH2). 
13C NMR (CH3OD): δ(ppm) = 8.44 (2 CH3), 33.62 (HOOC-CH2), 34.75 (N-CH2), 138.47 
(C=C), 173.24 (2 C=O), 174.60 (COOH).             
IR (KBr): ν (cm-1) = 3456 (COOH), 2920 (C-H), 1766 (COOH), 1705 (C=O).                         
 
Synthesis of 3-(3,5-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-propionyl chloride 
DMIPACl (9) 
 
N
O
O
O
OH N
O
O
O
ClSOCl2+
90 °C, 4 h
8 9  
 
Procedure: 5.0 ml (0.068 mol) of thionyl chloride (SOCl2) and catalytic amount (1 drop) of 
DMF was added to 2.0 g (9.3 mmol) of (3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-
propionic acid (DMIPA) (8). The reaction mixture was refluxed at 85-90 °C for 4 h. The 
excess of thionyl chloride was removed by distillation under reduced pressure. The solution 
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was cooled, washed thoroughly with petroleum ether under Argon atmosphere and yellow 
crystals (9) were obtained. 
Yield: 87 %  
Physical state: yellow crystals  
Melting point: 66-68 °C 
1H NMR (CDCl3): δ(ppm) = 1.95 (s, 6 H, 2 CH3), 3.21 (t, 3J = 7.0 Hz, 2 H, ClOC-CH2), 3.81 
(t, 3J = 6.9 Hz, 2 H, N-CH2). 
13C NMR (CDCl3): δ(ppm) = 8.67 (2 CH3), 33.09 (N-CH2), 45.06 (ClOC-CH2), 137.56 
(C=C), 171.45 (2 C=O), 1745.59 (COCl).             
 
3.4.4  Synthesis of acrylaminoalkanoic acids 
Acrylaminoalkanoic acids with different spacer groups were synthesized according to the 
procedures explained in the literature [73]. 
3.4.4.1 Synthesis of 6-acrylaminohexanoic acid (10) 
 
O
Cl
H2N(CH2)5COOH
O
NH
(CH2)5
COOH
+
10  
 
Procedure: 6-acrylaminohexanoic acid (10) was prepared as described in the literature [73]. 
In 350 ml of cooled water, 30.0 g (0.23 mol) of 6-aminohexanoic acid and 30.0 g (0.40 mol) 
of calcium hydroxide were added. To this solution, 23.35 g (0.6 mol) of acryloyl chloride was 
slowly added and reaction mixture was stirred for 2 h. Calcium hydroxide was removed by 
filtration. Filtrate was acidified to pH 1-2 by the drop wise addition of conc. hydrochloric acid 
with stirring at 0 °C. Precipitated product were washed with ice cold water, dried and purified 
by recrystallization from ethyl acetate. The product (10) was characterized 1H-NMR, 13C-
NMR, elemental analysis, melting point and IR spectroscopy.  
Yield: 60 % 
Physical state: colorless crystals  
Melting point: 83-85 °C  
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Elemental analysis calculated for C9H15O3N 
 C H N 
Theoretical 58.36 8.16 7.56 
Experimental 58.29 8.23 7.51 
 
1H NMR (DMSO): δ(ppm) = 1.22-1.52 (m, 6 H, 3 CH2), 2.19 (t, 3J = 7.3 Hz, 2 H, HOOC-
CH2), 3.07-3.11 (m, 2 H, NH-CH2), 5.53 (dd, 2J = 2.2 Hz, 3J = 10.1 Hz, 1 H, =CH2), 6.03 (dd, 
2J = 2.2 Hz, 3J = 17.1 Hz, 1 H, =CH2), 6.16 (dd, 3J = 10.1 Hz, 3J = 17.1 Hz, 1 H, =CH), 8.06 
(br.s, NH).  
13C NMR (DMSO): δ(ppm) 24.21 (CH2), 26.01 (HOOC-CH2-CH2), 28.80 (NH-CH2-CH2), 
33.58 (HOOC-CH2), 38.38 (NH-CH2), 124.80 (=CH2), 131.87 (=CH), 164.43 (C=O), 174.44 
(COOH).  
IR (KBr): ν (cm-1) 1705 (COOH), 1655 ( C=O), 1623 (C=C).   
 
3.4.4.2 Synthesis of 11-acrylaminoundecanoic acid (11) 
 
O
Cl
H2N(CH2)10COOH
O
NH
(CH2)10
COOH
+
11  
 
Procedure: 11-acrylaminoundecanoic acid (11) was synthesized as reported in the literature 
[73, 238]. 30.0 g (0.149 mol) of 11-aminodecanoic acid and 18.0 g (0.45 mol) of NaOH were 
added to 500 ml ethanol. The reaction mixture was cooled and 19.55 g (0.22 mol) acryloyl 
chloride was added drop wise. The suspension was stirred at room temperature for 90 min. 
Filtrate was acidified by dil. HCl. A white precipitate of 11-acrylaminoundecanoic acid was 
formed when a large excess of water (~ 5 L) was added.  Precipitate was washed with water to 
remove the excess of acid, dried and characterized by 1H-NMR, 13C-NMR, elemental 
analysis, melting point and IR spectroscopy. 
 
Yield: 64 % 
Physical state: colorless crystals  
Melting point: 82-84 °C 
Elemental analysis calculated for C14H25O3N 
Experimental procedures 
 
42
 C H N 
Theoretical 65.85 9.87 5.49 
Experimental 65.71 9.96 5.46 
 
1H NMR (CDCl3): δ(ppm) = 1.06-1.42 (m, 12 H, 6 CH2), 1.44-1.70 (m, 4 H, 2 CH2), 2.33 (t, 
3J = 7.4 Hz, 2 H, HOOC-CH2), 3.28-3.39 (m, 2 H, NH-CH2), 5.62 (d, 3J = 10.2, 1 H, =CH2) 
5.80 (br.s, NH), 6.04-6.2 (m, 1 H, =CH2), 6.25 (d, 3J = 16.9 Hz, 1 H, =CH2). 
13C NMR (CDCl3): δ(ppm) = 24.64 (HOOC(CH2)4CH2), 26.79 (NH(CH2)4CH2), 28.87 
(HOOC(CH2)3CH2), 29.00 (NH(CH2)3CH2), 29.06 (HOOC(CH2)2CH2), 29.13(NH(CH2)2 
CH2), 29.22  (HOOC-CH2- CH2), 29.42 (NH-CH2- CH2), 33.88 (HOOC-CH2), 39.71 (NH-
CH2), 126.54 ( =CH2), 130.71 (=CH), 165.78 (C=O), 178.51 (COOH). 
IR (KBr): ν (cm-1) = 1702 (COOH), 1655 (C=O), 1620 (C=C).  
 
3.4.5  Synthesis of adhesion promoters 
3.4.5.1 Synthesis of thioacetic acid 3-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-
propyl ester (DMITAc). 
Synthesis of 1-allyl-3,4-dimethyl-pyrrole-2,5-dione (12) 
 
NH2
O
O
O N
O
O
+
Toluene
130 °C, 3.5 h
12  
 
Procedure: 5.710 g (0.1 mol) allyl amine was added to a stirred solution of 6.305 g (0.05 
mol) dimethyl maleic anhydride in 250 ml of toluene. The mixture was boiled at 130 °C for 
3.5 h using a reflux condenser with a water trap to remove water as a side product. The 
solvent was evaporated under reduced pressure. The desired compound (12) was purified by 
column chromatography by using 7:3 ratio of n-hexane and ethylacetate (Rf = 0.5). The 
product was characterized by 1H-NMR, 13C-NMR, elemental analysis and IR spectroscopy. 
Yield: 75 % 
Physical state: colorless liquid 
1H NMR (CDCl3): δ(ppm) = 1.90 (s, 6 H, 2 CH3), 4.02 (d, J = 5.6 Hz, 2 H, N-CH2), 5.08 (dd, 
3J = 9.7 Hz, 3J = 15.7 Hz, 2 H, =CH2), 5.70 (m, 1 H, = CH). 
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13C NMR (CDCl3): δ(ppm) = 8.53 (2 CH3), 39.80 (N-CH2), 117.05 (=CH2), 131.90 (=CH), 
137.08 (C=C), 171.59 (2 C=O). 
IR (KBr): ν (cm-1) = 2924 (C-H), 1708 (C=O). 
 
Synthesis of thioacetic acid 3-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-propyl ester 
(13) 
N
O
O
S
O
N
O
O
O
SH
AIBN, CHCl3
+
80 °C 
12 13  
 
Procedure: 1.727 g (22.7 mmol) of thioacetic acid was added to the stirred solution of 2.50 g 
(15.1 mmol) of 1-allyl-3,4-dimethyl-pyrrole-2,5-dione (12) in 15 ml of chloroform. 0.147 g 
(0.9 mmol) AIBN was added to the above mixture. The solution was heated in oil bath at 80 
°C for 4 h and 30 min. The mixture was cooled at room temperature followed by addition of 
30 ml partially saturated sodium bicarbonate solution. The aqueous phase was extracted with 
diethyl ether for two times (45 ml each). Ether phase was then washed with saturated NaCl 
solution, dried over magnesium sulphate and the solvent was evaporated under reduced 
pressure. The product (13) was purified by column chromatography using 4:1 ratio of n-
hexane and ethylacetate (Rf = 0.3). It was characterized by 1H-NMR, 13C-NMR, elemental 
analysis and IR spectroscopy. 
Yield: 84 % 
Physical state: colorless liquid. 
Elemental analysis calculated for C11H15NO3S 
 C H N S 
Theoretical 54.75 6.26 5.81 13.28 
Experimental 54.62 6.44 6.20 13.01 
 
1H NMR (CDCl3): δ(ppm) = 1.82 (tt, 3J = 7.2 Hz, 3J = 6.8 Hz, 2 H, CH2), 1.92 (s, 6 H, CH3), 
2.28 (s, 3 H, CH3), 2.75 (t, 3J = 7.2 Hz, 2 H, S-CH2), 3.45 (t, 3J = 6.8 Hz, 2 H, N-CH2). 
13C NMR (CDCl3): δ(ppm) = 8.62 (2 CH3), 26.23 (S-CH2), 28.65 (N-CH2), 30.51 (CH3), 
36.66 (CH2), 137.12 (C=C), 172.08 (2 C=O), 195.41 (S-C=O). 
IR (KBr): ν (cm-1) = 2932 (C-H), 1768 and 1707 (C=O), 1690 (O=C-S). 
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3.4.5.2 Synthesis of adhesion promoter for Si surfaces. 
1-[3-(chloro-dimethyl-silanyl)-propyl]-3,4-dimethyl-pyrrole-2,5-dione (DMIDMSiCl) was 
synthesized as shown below. 
a. Synthesis of 1-allyl-3,4-dimethyl-pyrrole-2,5-dione has been already discussed in the 
previous section. 
b. Synthesis of 1-[3-(chloro-dimethyl-silanyl)-propyl]-3,4-dimethyl-pyrrole-2,5-dione (14) 
 
N
O
O
N SiMe2Cl
O
O
HSiMe2Cl+
12 14  
 
Procedure: 0.311 g, (1.8 mmol) of 1-allyl-3,4-dimethyl-pyrrole-2,5-dione (12) was added in 
a clean two necked flasked along with 2 ml chlorodimethylsilane and 1-2 drops of 1,3-
Divinyl-1,1,3,3-tetramethyldisiloxan-platinum(0)-Complex as a catalyst in an inert argon 
atmosphere. The reaction mixture was stirred at 0 °C for 1 h and then overnight at RT. Excess 
of chlorodimethylsilane was evaporated under vacuum. Due to the high reactivity, the 
synthesized adhesion promoter (14) was used as such. This compound was synthesized 
according to the procedure reported in the literature [5]. 
 
3.4.6  Synthesis of cyclam monomer 
Cyclam monomer [1-acryloyl-1,4,8,11-tetraaza-cyclotetradecane trifluoroacetic acid salt] (18) 
was synthesized as shown below. 
Synthesis of 1,4,8,11-tetraaza-cyclotetradecane-1,4,8-tricarboxylic acid tri-tert-butylester 
(16)  
 
NNH
N N
boc
bocboc
NHNH
NH NH
(boc)2O, CH2Cl2
RT
15 16  
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Procedure: 5.0 g (24.9 mmol) of cyclam, 13.07 g (59.9 mmol) of di-tert-butyldicarbonate 
[(boc)2O] were dissolved in 900 ml of CH2Cl2 and reaction mixture was stirred overnight at 
room temperature. The solvent was evaporated under reduced pressure. The resulting 
colorless hygroscopic solid compound was purified by column chromatography by using 9:1 
ratio of ethylacetate and methanol (Rf = 0.4). The product (16) was characterized by 1H-NMR, 
13C-NMR, elemental analysis and IR spectroscopy. 
Yield: 51 %  
Physical state: colorless hygroscopic solid 
Elemental analysis calculated for C25H48N4O6 
 C H N 
Theoretical 59.97 9.66 11.19 
Experimental 59.91 10.06 11.09 
 
1H NMR (CDCl3): δ (ppm) = 1.45 (s, 27 H, CH3), 1.60-1.75 (m, 2 H, CH2), 1.80-2.00 (m, 2 
H, CH2), 2.55-2.65 (m, 2 H, CH2N), 2.75-2.82 (m, 2 H, CH2N), 3.15-3.50 (m, 12 H, CH2N).  
13C NMR (CDCl3): δ (ppm) = 28.47 (9 CH3), 29.70 (2 CH2), 44.06 (CH2N), 45.82 (2 CH2N), 
46.76 (2 CH2N), 47.64 (CH2N), 49.91 (CH2N), 50.53 (CH2N), 79.46 (3 C(CH3)), 155.41 (2 
C=O), 156.27 (C=O). 
IR (KBr): ν (cm-1) = 3325 (N-H), 2977, 2935, and 2818 (C-H), 1692 (C=O). 
 
Synthesis of 11-acryloyl-1,4,8,11-tetraaza-cyclotetradecane-1,4,8-tricarboxylic acid tri-tert-
butylester (17) 
 
NN
N N
O
boc
bocboc
NNH
N N
boc
bocboc
O
Cl
Na2CO3 / CH2Cl2+
16 17  
 
Procedure: 4.807 g (9.6 mmol) of compound (16) was dissolved in 50 ml CH2Cl2 in presence 
of 1.527 g (14.4 mmol) sodium carbonate. 1.304 g (14.40 mmol) acryloyl chloride was added 
drop wise. The reaction mixture was stirred overnight at room temperature. The solvent was 
evaporated under reduced pressure. The resulting colorless solid was purified by column 
chromatography by using 9:1 ratio of ethylacetate and methanol solution (Rf = 0.5). The 
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product (17) was characterized by 1H-NMR, 13C-NMR, elemental analysis and IR 
spectroscopy. 
Yield: 60 %  
Physical state: colorless hygroscopic solid  
Elemental Analysis calculated for C28H50N4O6 
 C H N 
Theoretical 60.62 9.08 10.09 
Experimental 59.21 9.11 9.46 
 
1H NMR (CDCl3): δ (ppm) = 1.45 (s, 27 H, CH3), 1.68-1.88 (m, 4 H, CH2), 3.20-3.65 (m, 16 
H, CH2N), 5.68 (d, 1 H, CH2=), 6.37 (d, 1 H, CH2=), 6.48-6.68 (m, 1 H, CH=).   
13C NMR (CDCl3): δ (ppm) = 28.42 (9 CH3), 28.45 (2 CH2), 47.44 (6 CH2N), 48.67 (2 
CH2N), 79.83 (3 C(CH3)), 127.08 (CH2=), 128.64 (CH=), 156.07 (3 C=O, Boc), 165.34 
(C=O, acryl). 
IR (KBr): ν (cm-1) = 2978 and 2936 (C-H), 1692 (C=O), 1615 (C=C). 
 
Synthesis of 1-acryloyl-1,4,8,11-tetraaza-cyclotetradecane trifluoroacetic acid salt (18) 
 
NHN
NH NH
O
NN
N N
O
boc
bocboc
TFA, CH2Cl2 3 TFA
17 18  
 
Procedure: 1.910 g (3.4 mmol) of compound (17) was dissolved in 15 ml CH2Cl2 and 20 ml 
TFA was added drop wise. The reaction mixture was stirred for 2 h at 30 °C. The solvent was 
evaporated and excess of TFA was removed by applying high vacuum. The product (18) was 
characterized by 1H- NMR, 13C-NMR, elemental analysis and IR spectroscopy. 
Yield: 96 % 
Physical state: pale yellow solid 
1H NMR (D2O): δ (ppm) = 1.80-2.20 (m, 4 H, CH2), 3.07-3.30 (m, 8 H, CH2N), 3.33-3.48 (m, 
4 H, CH2N), 3.50-3.80 (m, 4 H, CH2N), 5.73 (d, 1 H, CH2=), 6.47 (d, 1 H, CH2=), 6.53 (dd, 1 
H, CH=). 
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13C NMR (D2O): δ (ppm) = 18.56 (CH2), 24.08 (CH2), 38.30 (2 CH2N), 41.33 (CH2N), 41.86 
(CH2N), 42.14 (CH2N), 43.10 (CH2N), 43.54 (CH2N), 46.46 (CH2N), 116.01 (3 CF3), 126.52 
(CH2=), 130.37 (CH=), 162.49 (3 C=O, TFA), 170.26 (C=O, acryl). 
IR (KBr): ν (cm-1) = 2978, 2930, and 2855 (C-H), 1679 (C=O), 1612 (C=C). 
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3.5  Polymerization 
3.5.1 Synthesis of Poly (DMAAm)  
O
N
*
*
O
x 
N
1,4-Dioxane, 70 °C
AIBN
19 20  
 
Procedure: 5.046 g (0.051 mol) of freshly vacuum distilled N,N-dimethylacrylamide 
(DMAAm) was added to 80 ml of 1,4-Dioxane in a 250 ml of round bottom flask. 7.2 mg of 
AIBN was added to the above mixture. The reaction mixture was purged with N2 for 20 min 
and then heated at 70 °C for 7 h. After cooling at room temperature, the polymer (20) was 
precipitated in 300 ml of distilled diethylether at –20 °C. Precipitate was redissolved in THF 
and again precipitated in diethylether to remove the unreacted monomer and impurities. 
Yield: 94 % 
Physical state: solid  
1H NMR (CDCl3): δ (ppm) = 1.32-1.89 (m, 2 H, CH2), 2.15-3.18 (m, 7 H, CH, CH3) 
IR (KBr): ν (cm-1) = 2930 and 2868 (C-H), 1708 and 1625 (C=O) 
 
3.5.2 Synthesis of photo-crosslinkable Poly (DMAAm) 
 
O
N
H
N
O
O
N
H
N
O
O
*
*
O O
x y 
N
O
N
1,4-Dioxane, 70 °C
AIBN
+
19 7 21  
 
Photo-crosslinkable polymers of DMAAm were synthesized by free radical polymerization of 
DMAAm with varying mol-% of acrylamide photo-crosslinker. 
General procedure: Acrylamide photo-crosslinker (DMIAAm) (7) in 2 and 5 mol-% was 
added along with DMAAm (0.55 mol/L) in 1,4-dioxane. AIBN was added to above mixture. 
The reaction mixture was purged with N2 for 20 min and then heated at 70 °C for 7 h. After 
cooling at room temperature, the polymer (21) was precipitated in distilled diethylether at –20 
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°C. Precipitate was redissolved in THF and again precipitated in diethylether to remove the 
unreacted monomer and impurities. Properties (e.g. molecular weight and DMIAAm mol-%) 
of polymers are discussed in Section 4.5.2. 
The photo-crosslinkable polymers of DMAAm are referred as DMAAm followed by the mol-
% feed composition of the acrylamide photo-crosslinker (for example DMAAm5).  
Physical state: colorless solid 
Characterization of DMAAm5 is shown below 
1H NMR (CDCl3): δ (ppm) = 1.36-1.87 (m, DMAAm, 2 H, CH2), 1.87-1.99 (m, DMIAAm, 2 
CH3), 2.18-3.21 (m, DMAAm, 4 H, CH3, CH). 
IR (KBr): ν (cm-1) = 2933 and 2863 (C-H), 1707 and 1628 (amide)  
Specific conditions are 
Polymer DMAAm DMIAAm AIBN Yield 
DMAAm2 5.023 g (0.0506 mol) 0.2242 g (1.0 mmol) 7.5 mg  83 % 
DMAAm5 5.120 g (0.0516 mol) 0.5605 g (2.5 mmol) 7.8 mg  53 % 
 
3.5.3 Synthesis of Poly (HEMA)  
 
O
OH
O
*
*
O
OH
O
x 
Ethanol, 70 °C
AIBN
22 23  
 
Procedure: 10.956 g (0.0841 mol) of freshly vacuum distilled 2-hydroxyethylmethacrylate 
(HEMA) (22) was added to 90 ml of absolute ethanol in a 250 ml of round bottom flask. 5.4 
mg of AIBN was added to above mixture. The reaction mixture was purged with N2 for 20 
min and then heated at 70 °C for 4 h. After cooling at room temperature, the polymer (23) was 
precipitated in 500 ml of distilled diethylether at –20 °C. Precipitate was redissolved and 
again precipitated in diethylether to remove the unreacted monomer and impurities. 
Physical state: colorless solid 
1H NMR (DMSO-d6): δ(ppm) = 0.62-1.10 (m, 3 H, CH3), 1.10-2.21 (m, 2 H, C-CH2), 3.42-
3.70 (m, 2 H, O-CH2), 3.70-4.21 (m, 2 H, OH-CH2), 4.56-5.05(m, 1 H, OH) 
IR (KBr): ν (cm-1) = 3447 (O-H), 2950 (C-H), 1726 (C=O) 
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3.5.4 Synthesis of photo-crosslinkable Poly (HEMA) 
 
O
O
OH
O
O
N
O
O
O
N
O
O
*
*
O
O
O
x
 y 
OH
+ Ethanol, 70 °C
AIBN
22 2 24
 
General procedure: Acrylate photo-crosslinker (DMIA) (2) in 2, 5 and 10 mol-% was added 
along with HEMA (0.55 mol/L) in absolute ethanol. Free radical polymerization in AIBN for 
4 h was carried out. Properties (e.g. molecular weight and DMIA mol-%) of polymer (24) are 
discussed in Section 4.5.1. 
Physical state: colorless solid 
The photo-crosslinkable polymers of HEMA are referred as HEMA followed by the mol-% 
feed composition of the acrylate photo-crosslinker (for example HEMA10).  
Characterization of HEMA10 is shown below 
1H NMR (DMSO-d6): δ(ppm) = 0.58-1.08 (m, HEMA, 3 H, CH3), 1.12-2.27 (m, DMIA, 2 
CH3; HEMA, C-CH2), 3.44-3.71 (m, HEMA, 2 H, CH2), 3.74-4.22 (m, HEMA, 2 H, CH2), 
4.68-4.98 (m, HEMA, 1 H, OH). 
IR (KBr): ν (cm-1) = 3424 (O-H), 2952 (C-H), 1726 (C=O) 
The specific conditions are - 
Polymer HEMA DMIA AIBN 
HEMA2 10.026 g (77.0 mmol) 0.3431 g (1.5 mmol) 7.1 mg  
HEMA5 10.686 g (82.1 mmol) 0.8557 g (3.8 mmol) 7.0 mg  
HEMA10 5.28 g (40.57 mmol) 0.8370 g (3.7 mmol) 7.2 mg  
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3.5.5  Synthesis of photo-crosslinkable PVA  
Synthesis of photo-crosslinkable polymers of PVA was attempted through partial 
esterification of the hydroxyl group of PVA with photo-crosslinker. Both carboxylic acid 
(DMIPA) and acid chloride derivatives of photo-crosslinker (DMIPACl) were used. 
 
N
O
O
O
*
*
OH O
y
 
x
 
N
O
O
O
X
*
*
OH
x 
+
25 26X = OH (8)
    = Cl   (9)  
  
General procedure: 1.0 g of Poly (vinyl alcohol) (Mw = 31,000-50,000) was dissolved in 150 
ml N-methyl-2-pyrrolidone (NMP) at 80-90 °C under nitrogen atmosphere. The solution was 
cooled followed by addition of pyridine and DMAP. 0.5 g (2.3 mmol) of freshly prepared 
DMIPACl  (9) was added drop wise under rigorous stirring. After 24 h of stirring at room 
temperature, the polymer was precipitated in diethylether at –20 °C and thoroughly washed 
with diethyl ether to remove all residual NMP, pyridine, and DMIPACl. The resulting 
polymer (26) was dried at 50 °C under vacuum and characterized by NMR, IR, and UV 
spectroscopy. The reaction was repeated for varying mol-% of photo-crosslinker (X = OH, 
Cl) under following mentioned reaction conditions-  
Photo-crosslinker Solvent  Base  Catalyst 
X = Cl NMP, DMSO Et3N, pyridine, Na2CO3 DMAP 
X = OH NMP, DMSO Et3N, pyridine, Na2CO3 DMAP / DCC 
 
Physical state: colorless solid 
1H NMR (DMSO-d6):δ(ppm) = 1.11-1.56 (m, PVA, 2 H, CH2), 3.71-4.00 (m, PVA, 1 H, CH), 
4.23-4.80 (m, PVA, 1 H, OH).   
IR (KBr): ν (cm-1) = 3281 (O-H), 2941 (C-H), 2911 (C-H), 1049 (O-H). 
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3.5.6 Synthesis of Poly (glycidol)  
O
O
O
O
H
O
** x
 
ZnEt2, (Et)2O
3M HCl
27 28  
 
Procedure: To a mixture of 10 ml of 1 M solution of ZnEt2 and 15 ml of dry diethylether, 
0.30 ml of distilled water was added over a period of 5 min. The resultant yellow solution was 
stirred for 24 h at room temperature. 26.35 g (0.1804 mol) of freshly distilled ethoxyethyl 
glycidyl ether (27) was added to the above reaction mixture and stirred for 12 h. 3 M HCl was 
then slowly added and a salt free polyglycidol was obtained by dialysis against distilled water. 
The product (28) was characterized by 1H NMR after freeze-drying the aqueous polyglycidol 
solution.  
Yield: 72 % 
Physical state: colorless solid 
1H NMR (DMSO-d6): δ(ppm) = 3.30-3.63 (m, 3 H, CH, 2 CH2), 4.52 (t, 3J = 5.5 Hz, 1 H, O-
H) 
 
3.5.7 Synthesis of photo-crosslinkable Poly (glycidol) 
N
O
O
O
*
O
O
O
*y
 
OH
x
 
N
O
O
O
X
O
*
*x 
OH
X= OH (8)
   = Cl   (9)
+
28 29
 
Procedure: 0.18 g of polyglycidol (28) was dissolved in 4 ml N,N-dimethylformamide under 
nitrogen atmosphere. 0.12 ml pyridine and DMAP as catalyst were added. 0.04 g (0.18 mmol) 
of freshly prepared DMIPACl (9) was added drop wise under rigorous stirring. After 48 h of 
stirring at room temperature, the polymer was precipitated in diethylether at -20 °C and 
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thoroughly washed with diethyl ether to remove all residual pyridine, DMAP and DMIPACl. 
The resulting polymer (29) was dried under vacuum. The reaction was repeated for varying 
mol-% of photo-crosslinkers (X = OH, Cl) and solvents (NMP). 
However, further analysis of the product was not possible due to the insoluble precipitate 
obtained after the partial esterification of polyglycidol. 
 
3.5.8 Synthesis of Poly (NIPAAm)  
 
O
NH
*
O NH
*x
 
Dioxane, 70 °C
AIBN
30 31  
 
Procedure: 7.5 g (0.66 mol) of N-isopropylacrylamide (NIPAAm) was added to 120 ml of 
1,4 dioxane in a 250 ml of round bottom flask. 10.2 mg of AIBN was added to above mixture. 
The reaction mixture was purged with N2 for 20 min and then heated at 70 °C for 7 h. After 
cooling at room temperature, the polymer (31) was precipitated in 700 ml of distilled 
diethylether at -20 °C. Precipitate was redissolved in THF and again precipitated in 
diethylether to remove the unreacted monomer and impurities.  
Yield: 93 % 
Physical state: colorless solid 
1H NMR (CDCl3): δ(ppm) = 0.84-1.27 (m, 6 H, 2 CH3), 1.27-2.49 (m, 3 H, CH, CH2), 3.86-
4.18 (m, 1 H, NH-CH), 6.52 (br. s, 1 H, NH) 
IR (KBr): ν (cm-1) = 3437 (N-H), 2974 (C-H), 1646 (amide I), 1548 ( amide II), 1460 (C-H) 
 
3.5.9 Synthesis of copolymer of NIPAAm with acrylaminoalkanoic acids 
 
O
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*
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AIBN / 1,4-Dioxane
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(CH2)n
COOH
(CH2)n
COOH
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n = 5 32a 32b 
 10 33a 33b 
 
General procedure: Acrylaminoalkanoic acids (10, 11) in 2 and 5 mol-% was added along 
with NIPAAm (0.55 mol/L) in 1,4-dioxane. Free radical polymerisation (as described above) 
was carried out in AIBN for 7 h. Polymers (32, 33) are represented as CnAAmY where n 
shows the number of methylene groups and Y shows the mol-% of acrylaminoalkanoic acid 
(for e.g. C5AAm2). 1H NMR and IR values were similar to the one obtained for NIPAAm 
homopolymer. The properties of these polymers are discussed in Section 4.5.4.   
 
3.5.10  Synthesis of photo-crosslinkable Poly (NIPAAm) with DMAAm as a  
            hydrophilic comonomer 
O
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H
N
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O NH O NH
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y z
 
+ +
1,4-Dioxane, 70 °C
AIBN
30 7 19
34  
 
General procedure: Free radical polymerization of NIPAAm, acrylamide photo-crosslinker 
(7) and different mol % of N,N-dimethylacrylamide (total monomer conc. = 0.55 mol/L) was 
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carried out in presence of AIBN as initiator and 1,4-dioxane as a solvent. Properties (e.g. 
molecular weight and DMIAAm mol-%) of polymer (34) are discussed in Section 4.5.5. 
The photo-crosslinkable polymers of NIPAAm are referred as NIPAAm followed by the mol-
% feed composition of the DMAAm (for example NIPAAm15).  
Specific reaction conditions are – 
Polymer NIPAAm DMAAm DMIAAm AIBN 
NIPAAm5 915 mg (8.0 mmol) 52 mg (0.5 mmol) 100 mg (0.4 mmol) 6 mg 
NIPAAm10 871 mg (7.7 mmol) 113 mg (1.1 mmol) 99 mg (0.4 mmol) 5 mg 
NIPAAm15 8.70 g (76.8 mmol) 1.164 g (11.7 mmol) 0.990 g (4.5 mmol) 10 mg 
NIPAAm20 766 mg (6.7 mmol) 180 mg (1.8 mmol) 98 mg (0.4 mmol) 5 mg 
NIPAAm30 670 mg (5.9 mmol) 272 mg (2.7 mmol) 102 mg (0.4 mmol) 6 mg 
NIPAAm40 565 mg (5.0 mmol) 363 mg (3.6 mmol) 99 mg (0.4 mmol) 7 mg 
NIPAAm50 462 mg (4.1 mmol) 451 mg (4.5 mmol) 102 mg (0.4 mmol) 5 mg 
 
Characterization of NIPAAm15 is shown below.  
Physical state: colorless solid 
1H NMR (CDCl3): δ(ppm) = 0.93-1.42 (m, NIPAAm, 6 H, CH3), 1.42-2.57 (m, NIPAAm, 
CH2, CH; DMIAAm, 2 CH3), 2.78-3.13 (m, DMAAm, 6 H, 2 CH3), 3.47-3.75 (m, DMIAAm, 
2 CH2), 4.0 (m, NIPAAm, 1 H, HN-CH), 6.35 (br. s, NIPAAm, 1 H, NH) 
IR (KBr): ν (cm-1) = 3442 (N-H), 2974 and 2936 (C-H), 1642 (amide I), 1549 (amide II) 
 
Experimental procedures 
 
56
3.5.11  Synthesis of photo-crosslinkable Poly (NIPAAm) with functionalized     
             cyclam as an ion selective comonomer.   
Ion selective photo-crosslinkable NIPAAm (36) was synthesized by copolymerization of boc 
protected functionalized cyclam with NIPAAm and DMIAAm followed by removal of the 
boc groups. Properties (e.g. molecular weight and photo-crosslinker mol-%) of polymer are 
discussed in Section 4.5.6. 
Synthesis of  boc protected photo-crosslinkable ion selective NIPAAm (35) 
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N
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35
17
 
 
Procedure: 1.845 g (0.016 mol) of N-isopropylacrylamide (NIPAAm) (30), 0.450 g (0.8 
mmol) of 11-acryloyl-1,4,8,11-tetraaza-cyclotetradecane-1,4,8-tricarboxylic acid tri-tert-
butylester (17),  7.6 mg of AIBN and 0.1767 g (0.8 mmol) acrylamide photo-crossslinker 
(DMIAAm) (7) were added to a 29 ml of 1,4-Dioxane. N2 was purged to reaction mixture was 
20 min and allowed to react at 70 °C for 7 h under N2 atmosphere. After cooling to room 
temperature, the polymer (35) was precipitated in diethylether and purified by reprecipitation 
from THF into diethyl ether.  
Yield: 47 % 
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Physical state: colorless solid 
1H NMR (CDCl3): δ(ppm) = 1.01-1.28 (m, NIPAAm, 6 H, 2 CH3), 1.42-1.53 (m, boc, 27 H, 3 
CH3), 1.57-1.90 (m, NIPAAm, CH, CH2), 1.96-2.00 (m, DMIAAm, 2 CH3), 3.90-4.15 (m, 
NIPAAm, 1 H, CH), 7.21 (br. s, NIPAAm, 1 H, NH)  
IR (KBr): ν (cm-1) = 3298 (N-H), 2975 (C-H), 1705 (C=O), 1656 (amide I), 1549 (amide II) 
 
Synthesis of photo-crosslinkable ion selective NIPAAm (36) 
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Procedure: 20 ml trifluoroacetic acid (TFA) was added drop wise to a solution of 1.186 g of 
boc protected photo-crosslinkable ion selective NIPAAm (35) in 20 ml CH2Cl2. The reaction 
mixture was stirred at room temperature for 24 h. Triethylene amine was added till the 
solution turned to pH = 7. Solvent was evaporated under vacuum and excess of water was 
added to the reaction mixture. Polymer (36) was precipitated by heating the solution at 70-80 
°C. Precipitate was redissolved in THF and again precipitated in diethylether to remove the 
unreacted monomer and impurities.  
Yield: 87 % 
Physical state: colorless solid 
1H NMR (CDCl3): δ(ppm) = 1.02-1.27 (m, NIPAAm, 6 H, 2 CH3), 1.56-1.91 (m, NIPAAm, 
CH2, CH), 1.93-2.02 (m, DMIAAm, 2 CH3), 3.86-4.29 (m, NIPAAm, 1 H, HN-CH), 7.35  (br. 
s, NIPAAm, 1 H, N-H) 
IR (KBr): ν (cm-1) = 3295 (N-H), 2858 (C-H), 1648 (amide-I), 1523 (amide II) 
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3.6  Modification of Gold surface 
45 nm of gold was coated on LaSFN9 substrate by chemical vapor deposition. Gold surface 
then was modified by absorption of DMITAc adhesion promoter (13). SPR substrates with 45 
nm gold were submerged in 1-5 mM solution of adhesion promoter in absolute ethanol for 24 
h, rinsed with ethanol and dried under Ar atmosphere. The presence of adhesion promoter was 
confirmed by grazing angle IR, contact angle, XPS and SPR (angle and kinetic scans) 
(described in Section 4.3) 
 
3.7  Film formation and patterning 
Polymer solutions (5-15 wt-%) of photo-crosslinkable polymer based on NIPAAm, DMAAm, 
PVA, polygylcidols and HEMA in various solvents were spin coated at 3000 rpm for 180 sec. 
Modified gold surface and Si wafer were used as substrates. Latter was pre-treated with 
piranha solution for 30 min at 90 °C, washed with water and ethanol, dried under Ar 
atmosphere. Spin coated polymer films were then dried under vacuum for 1 h, irradiated with 
suitable UV lamp for 1 h. Table 3.1 shows the combination of substrate and solvent used to 
obtain thin film.  
 
Photo-crosslinkable 
polymer solution 
      Substrate Solvents for spin coating 
NIPAAm  - Au + adhesion promoter 
- Si wafer + HEMA photopolymer 
Cyclohexanone 
HEMA  - Au + adhesion promoter 
- Si wafer 
EtOH / DMSO 
PVA  - Au + adhesion promoter DMSO 
Water 
Polyglycidol  - Au + adhesion promoter DMSO 
Water 
DMAAm  - Au + adhesion promoter 
- Si wafer + HEMA photopolymer 
Cyclohexanone 
 
Table 3.1 List of solvents and substrates used to obtain photo-crosslinked thin films. 
 
Similar procedures involving spin coating and irradiation were used to obtain multilayer 
assembly of polymer on top of a photo-crosslinked film.  
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Patterned surfaces were obtained by irradiating a polymer film with UV light through 
chromium mask. To remove the uncrosslinked polymer, NIPAAm and DMAAm based films 
were washed with absolute ethanol. HEMA, PVA and polyglycidol films were first washed 
with DMSO and then with water. All films were dried for 24 h in order to get rid of trace 
amount of solvents. Shape, size and film roughness of patterned surfaces were observed 
through AFM and stereomicroscope equipped with a digital camera. 
 
3.8  Determination of refractive index from SPR 
The refractive index of hydrogel layers on LaSFN9 substrate was determined by Fresnel 
calculations as described below. The parameters shown in Table 3.2 were modified to obtain 
a good fit for the SPR curve.  
 
 Film thickness (nm) Eps (real) Eps (imag) 
LaSFN9 0 3.4036 - 
Au 45 -12.3 1.29 
Air 0 1 0 
 
Table 3.2 Parameters for calculating film thickness and refractive index of Au. 
 
 
For polymer layers, the thickness of dry polymer film was also inserted in the Fresnel 
calculations. The refractive index of air and refractive index of PBS buffer as outermost layer 
were inserted to determine the properties of film in dry and swollen state respectively (Table 
3.3). Notable features obtained from the Fresnel calculations are film thickness and refractive 
index. Latter was obtained by calculating the square root of Eps (real). The interpretation of 
results from Fresnel calculations is mentioned in Section 4.7.2. 
 
 
 Film thickness (nm) Eps (real) Eps (imag) 
LaSFN9 0 3.4036 - 
Au 45 -12.3 1.29 
Polymer 2000 2.1 0 
PBS buffer 0 1.7761 0 
 
Table 3.3 Parameters for calculating film thickness and refractive index of polymer layer. 
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4.  Result and discussion  
4.1  Introduction 
The main objective of this study is to synthesize surface attached thermoresponsive and 
hydrophilic thin hydrogel layers with patternable properties. In addition this study also 
focuses on the development and investigation of multilayer assembly of photo-crosslinkable 
hydrogel layer. The major part of this study deals with the investigation of deswelling 
behavior of thin hydrogel layer by the combination of SPR (Surface Plasmon Resonance) 
Spectroscopy and (OWS) Optical Waveguide Spectroscopy.  
N-isopropylacrylamide (NIPAAm) as a stimuli sensitive component and 2-
hydroxyethylmethacrylate (HEMA), N,N-dimethylacrylamide (DMAAm), Poly(vinyl-
alcohol) (PVA) and Poly (glycidol) as hydrophilic components have been chosen for this 
study. The procedures for synthesis of photo-crosslinkers, adhesion promoters, cyclam 
monomer and acrylaminoalkanoic acids have been already described in the experimental 
section. Moreover, the synthesis of copolymers of above mentioned photo-crosslinkers with 
their respective monomers have been described in Section 3.5. 
This chapter is divided into twelve sections. After this initial introduction, the Section 4.2 to 
Section 4.4 attempts to clarify the results related to the synthesis of various photo-crosslinkers 
(DMIA, DMIAAm, DMIPA, DMIPACl), adhesion promoter (DMITAc) and cyclam 
monomer. The Section 4.5 presents the properties of synthesized photo-crosslinkable 
polymers of HEMA, DMAAm, NIPAAm, PVA and polyglycidol. Molecular weight, photo-
crosslinker mol-% in polymer and others properties like transition temperature (Tc) are 
described for all above mentioned polymers. The Section 4.6 gives a short description of the 
process of photo-crosslinking and surface attachment of thin hydrogel layer to the substrate. 
In the Section 4.7 and Section 4.8, thin hydrogel layers obtained from the photo-crosslinkable 
(thermoresponsive and hydrophilic) polymers are investigated by a combination SPR and 
OWS. These are the most important sections of this study as it describes the temperature 
dependent behavior of thin hydrogel layers in either PBS buffer, water or metal ion solutions. 
The swelling behavior of hydrogel layer obtained from different polymer is described in 
separate small subsections. The Section 4.9 presents the synthesis of multilayer hydrogel 
assembly (NIPAAm15 as a top layer and DMAAm5 as a base layer) and its temperature 
dependent swelling behavior. Nanogels and cell attachment on hydrogels is respectively 
described in the Section 4.10 and Section 4.11. This chapter ends with Section 4.12, which 
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focuses on the patterning properties of the photo-crosslinked polymer films in the form of 
multilayer assembly.  
 
4.2  Dimethylmaleimide based photo-crosslinkers 
Acrylate photo-crosslinker (DMIA) 
Acrylate photo-crosslinker (DMIA) (2) was synthesized in a two-step process as outlined in 
the Scheme 4.1. It was used as a crosslinker for HEMA in a free radical polymerization. The 
first step in the synthesis of DMIA involved a condensation reaction between dimethyl maleic 
anhydride and aminoethanol with the subsequent removal of water as a by-product. The 
resulting colorless crystalline solid (1) was reacted with acryloyl chloride in presence of 
different bases and solvents. The results of reaction in dichloromethane with sodium 
carbonate for 24 h were unsuccessful. The low yield of DMIA was obtained in the presence of 
triethylene amine as a base in THF as a solvent. The reaction in triethylamine and 
dichloromethane finally lead to the formation of the product in high yield (98 %). DMIA is 
structurally similar to a HEMA monomer and has a maleimide group for the [2+2] 
cyclodimerization reaction with other maleimide groups in the polymer chain. This structural 
similarity of DMIA with HEMA monomer is expected to result in a random copolymer 
formation. The procedure for synthesis of HEMA copolymers with DMIA are described in 
Section 3.5.4. 
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a b
Scheme 4.1 Synthesis of acrylate photo-crossslinker (DMIA). 
(a) Toluene, 130-160°C, 5 h.  
(b) Acryloyl chloride, Et3N / CH2Cl2, 0-5°C (1 h) , RT (24 h). 
 
Acrylamide photo-crosslinker (DMIAAm) 
Acrylamide photo-crosslinker (DMIAAm) (7) was synthesized in a four-step process as 
outlined in the Scheme 4.2. It was used as a crosslinker for NIPAAm and DMAAm in a free 
radical polymerization. The first step in the synthesis of DMIAAm involved protection of one 
nitrogen of diaminoethane by tert-butyloxycarbonyl (Boc) group. The resulting product was 
then reacted with dimethyl maleic anhydride. Removal of the boc group and reaction with 
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acryloyl chloride yielded the final product (7). This process has been already reported in the 
literature [160]. The conversion of (4) to (5) is a condensation reaction and this process 
involved the formation of a dimethylmaleimide moiety and removal of water as a side 
product. In the reported synthesis of DMIAAm, no further work up was used to purify the 
intermediate compound (5). However, in this study the compound (5) was isolated in a pure 
form by column chromatography. The purified compound (5) was then treated with 
trifluoroacetic acid (TFA) and the boc group was selectively cleaved. In the final step, the 
intermediate compound (6) was reacted with acryloyl chloride to yield compound (7) 
(DMIAAm). Earlier reported yield for the conversion of (6) to (7) was only 38 %.  
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Scheme 4.2 Synthesis of acrylamide photo-crossslinker (DMIAAm). 
                    (a) (Boc)2O / 1, 4- Dioxane, 25°C, 48 h. 
                    (b) Dimethylmaleic anhydride / toluene, 130-135°C, 2.5 h. 
                    (c) CF3COOH / CH2Cl2, RT, 1 h. 
                    (d) CH2=CHCOCl, Na2CO3  / CH2Cl2, 0-5°C, 2.5 h at RT. 
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A high quantitative yield of 64 % for product (7) in this study has been attributed to the use of 
purified intermediates in all reactions steps. 
The objective for synthesis of acrylate photo-crosslinker (DMIA) and acrylamide (DMIAAm) 
photo-crosslinkers was to incorporate crosslinking moieties in the NIPAAm, DMAAm and 
HEMA by the free radical polymerization. It is known that physical and chemical properties 
of the polymers are mainly determined by their composition. Crosslinking can improve 
certain properties of the polymeric materials like hardness, stability and elasticity, which are 
important from the application point of view. Properties and dimensions of the crosslinked 
polymer network are strongly dependent on the method of crosslinking applied to prepare 
them. The conventional crosslinkers like BIS (N,N´-methylene-bis-acrylamide) for NIPAAm 
and EDMA (ethylene dimethacrylate) for HEMA gives an inhomogeneous crosslinking. 
Moreover, the crosslinks do not function as elastically effective junctions, instead they are 
incorporated into loops, dangling chains ends and densely crosslinked clusters. For the 
preparation of micro and submicro sized hydrogels and to avoid shortcomings from above 
methods, DMIA and DMIAAm photo-crosslinkers were synthesized. These photo-
crosslinkers produced polymers with predefined properties (including composition, molecular 
weight, crosslinker mol-%), homogenous crosslinking, and patternable structures (described 
in Section 4.5). DMIA and DMIAAm photo-crosslinkers have a maleimide moiety for 
crosslinking and a double bond for copolymerization with their respective monomer (Figure 
4.1) 
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Figure 4.1 Photo-crosslinkers for free radical polymerization. 
 
It is widely accepted that the transition temperature of a stimuli sensitive polymer is affected 
by the hydrophilic or hydrophobic comonomers. Hydrophobic compounds lower the Tc and 
hydrophilic compounds raise it. Most commonly used photo-crosslinkers based on cinnamoyl 
[239-245] and anthracene [246] derivatives are hydrophobic compounds and produce a strong 
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decrease in the phase transition temperature [247] when incorporated in a temperature 
sensitive polymer. DMIAAm photo-crosslinker is rather a polar compound and is structurally 
similar to the parent monomer (e.g. NIPAAm, DMAAm). Therefore, it does not drastically 
alter the Tc of the PNIPAAm copolymer. The use of DMIAAm as a photo-crosslinker 
provides an opportunity to synthesize temperature sensitive hydrogels with high crosslinking 
density and Tc values higher than room temperature (described in Section 4.5.5).  
 
Polyol photo-crosslinkers (DMIPA, DMIPACl) 
Polyol photo-crosslinkers were synthesized in a two-step process as outlined in the Scheme 
4.3 and were utilized for the partial esterification of PVA and polyglycidol. The objective was 
to modify these polymers with maleimide group to develop photo-crosslinkable polymers. 
First step in the synthesis of polyol photo-crosslinkers involved the reaction of 
dimethylmaleic anhydride with β-alanine and subsequent removal of water as a side product. 
Use of toluene as a solvent resulted in no reaction. NMR results confirmed the presence of 
only dimethyl maleic anhydride. Glacial acetic acid as a solvent and reaction for 48 h at 130-
140 °C lead to the formation of DMIPA (8). To enhance the reactivity, DMIPA was converted 
to its acid chloride derivative (9). Attempts to synthesize the acid chloride derivative 
(DMIPACl) using oxalyl chloride were not successful. However, it was synthesized by 
reacting with excess of thionyl chloride and the product was further purified by 
crystallization.  
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Scheme 4.3 Synthesis of polyol photo-crossslinker. 
(a) Glacial acetic acid, 130 °C. 
(b) SOCl2, DMF, 90 °C, 4 h. 
 
The conversion of DMIPA to DMIPACl was confirmed by 1H NMR spectroscopy. The CH2-
COOH peak in DMIPA appeared at 2.66 ppm in CDCl3 (Figure 4.2). However in DMIPACl, 
this methylene proton peak shifted to 3.2 ppm due to the presence of acid chloride group. 
Moreover, the disappearance of a broad carboxylic peak in the acid chloride derivative  
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Figure 4.2 1H NMR (CDCl3) of DMIPA. 
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Figure 4.3 DMIPACl and DMIPA photo-crosslinkers. 
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Figure 4.4 1H NMR (CDCl3) of DMIPACl. 
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confirmed the formation of DMIPACl (Figure 4.4). Latter is highly reactive and easily gets 
converted to DMIPA, therefore a freshly prepared acid chloride was always used for 
modification of PVA and polyglycidol. Partial esterification reaction of PVA and 
polyglycidols with polyol photo-crosslinkers are described in Section 4.5.3. 
 
4.3  Properties of adhesion promoter  
Adhesion promoter for gold and Si wafer were synthesized for the covalent attachment of thin 
hydrogel layer to these substrates. It has been observed that physisorbed hydrogel layers 
detach from the surface or exhibit extreme changes in the degree of swelling (Figure 4.5). To 
avoid such shortcomings, adhesion promoters were synthesized and its model is shown in 
Figure (4.6). Synthesized adhesion promoters have a surface-active group (i.e. -SCOCH3, -
Si(CH3)2Cl) and a terminal group (maleimide) separated by spacer methylene groups.  
 
 
Hydrogel layer without adhesion promoter    Hydrogel layer with adhesion promoter 
 
Figure 4.5 Effect of adhesion promoter on swelling of thin hydrogel layers [5]. 
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Figure 4.6 Model of synthesized adhesion promoters. 
Surface active group -SH, -SCOCH3, - Si(CH3)2Cl
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The surface-active group is responsible for the chemisorption on the substrate. The molecular 
surface interactions are covalent Si-O bond in the case of chlorodimethylsilanes on silicon 
wafers and Au-S bond in the case of alkanethiols on gold.   
In this study a new adhesion promoter for gold (DMITAc) (13) was synthesized in a two-step 
process as shown in Scheme 4.4. First step involved reaction of allyl amine with dimethyl 
maleic anhydride and removal of water as a byproduct. In the second step, compound (12) 
was reacted with thioacetic acid in presence of AIBN to yield product (13). Adhesion 
promoter (DMIDMSiCl) based on a monochlorosilane anchor group and a chromophore head 
group was also synthesized according to the procedure reported in the literature [5] (Scheme 
4.5). This adhesion promoter was adsorbed from solution on an activated silicon wafer. Due 
to the chlorodimethylsilane anchor group, which is not capable for polysiloxane gel 
formation, smooth films could be easily obtained. The adhesion behavior of DMIDMSiCl has 
been already descibed in the literature [5]. Therefore, the interaction of DMITAc with Au and 
polymer film has been investigated in details. 
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Scheme 4.4 Synthesis of adhesion promoter (DMITAc) for Au surface. 
        (a) Toluene, 130 °C, 3.5 h. 
        (b) Thioacetic acid, 80 °C, 4.5 h. 
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Scheme 4.5 Synthesis of adhesion promoter (DMIDMSiCl) for Si surface. 
  (a) Toluene, 130 °C, 3 h. 
  (b) ClMe2SiH. 
 
Modification of the Au surface by DMITAc was achieved by adsorption process. The Au 
coated LaSFN9 substrate was submerged in 1mM solution of DMITAc for 24 h, rinsed with 
ethanol, dried under nitrogen stream. The presence of DMITAc on the gold substrate was 
Results and discussions 
 
68
subsequently detected by FTIR at grazing incidence due to an increase of the C-H vibration 
band around 3000 cm-1. Further characterization was done by – 
 SPR - SPR provided information on the kinetics of adsorption of adhesion promoter and gave 
an approximate idea of adhesion promoter thickness on the gold surface.  
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Figure 4.7 SPR angle scans: ■, Bare gold; ●, DMITAc adhesion promoter (in 1mM ethanol)    
                  adsorbed for 24 h on gold surface. 
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Figure 4.8 SPR kinetic scan showing adsorption kinetics of DMITAc adhesion promoter (in 1 
                  mM ethanol). 
 
Small changes in the refractive index of the gold surface due to the adsorption of (13) and 
increase in the total thickness (45 nm gold + monolayer thickness of DMITAc adhesion 
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promoter) were monitored by the plot of the reflected intensity versus time (Figure 4.8). The 
comparison of the reflected intensity versus angle scans of a bare gold surface and gold with 
an adsorbed adhesion promoter is shown in Figure 4.7. Notable features observed from this 
angle scans are that the plasmon minima for a bare gold surface which appears at 25.4°, shifts 
to 25.6° in presence of (13) adsorbed on its surface. This indicates the adsorption of (13) on 
the gold surface. Apart from this observation, the refractive index of (13) was measured from 
a refractometer and its value was estimated to be 1.523. Further, the square of refractive index 
of Au was used in Fresnel calculations and the subsequent result has shown the presence of 
monolayer of (13) on Au. The kinetics of binding of DMITAc on the Au substrate was 
detected with SPR kinetic scans at a fixed angle of 56° (Figure 4.8). The 1 mM adhesion 
promoter solution in ethanol was injected in the SPR cell. An increase in the reflected 
intensity indicates the adsorption of (13). Further, it was also observed that the adsorption 
occurs continuously till 1 h then remains almost constant for 24 h.  
Contact angle - Contact angle measurements were carried out to further investigate the 
adsorption of (13) on Au. Such measurements provide information about the wettability of a 
solid by a liquid and estimates the hydrophobicity of the film coated on the solid surface. 
Generally, contact angle increases with the increase in the hydrophobicity of the surfaces. The 
contact angle of Au surface increased from 57° to 64° with the adsorption of 1-10 mM 
solution of (13) in absolute ethanol for 24 h (Table 4.1). The increase in the contact angle 
indicates the presence of hydrophobic parts of (13) on the Au surface.  However, this small 
increase in the contact angle also explains a relatively low hydrophobic nature of (13). This 
can be attributed to the presence of only three methylene groups in adhesion promoter. These 
results show a weak dependence of adsorption on the concentration of the adhesion promoter. 
The 1 mM solution of (13) was appropriate for the adsorption.  
 
DMITAc (mM in ethanol) Advancing contact angle  (θA) 
0 (i.e. Bare Au) 57 
1 63.7 ± 0.8 
5 65.4 ± 0.7 
10 64.5 ± 0.4 
 
Table 4.1 Water contact angle data for DMITAc adhesion promoter. 
 
Results and discussions 
 
70
X-ray Photoelectron Spectroscopy (XPS) - XPS utilizes photo-ionization and energy-
dispersive analysis of the emitted photoelectrons to study the composition and electronic state 
of the surface region of a sample. To determine the electronic state of the sulphur atom of (13) 
on Au, the S2p binding energies were measured and compared with that of the dodecylthiol 
(DDT) on Au [248]. Moreover, an important question concerning the binding mechanism of 
(13) to Au, was that whether the acetyl head group gets cleaved from (13) upon adsorption, 
leaving a surface bound thiolate or remains attached producing a surface adsorbed acetyl 
moiety. XPS results addressed this question. Binding of (13) on Au resulted in the cleavage of 
the acetyl moiety and formation of a surface bound thiolate species. The acetyl group was 
removed by washing with ethanol. XPS result indicates the absence of any surface adsorbed 
acetyl moiety after ethanol washing. XPS spectra show the S2p binding energy for (13) (after 
rinsing with ethanol) at 161.8 eV and this value matches with literature value of binding of 
thiols (DDT) to Au. This confirmed the attachment of adhesion promoter (DMITAc) on gold 
through S- Au bond.  
The adhesion promoter (DMITAc) forms a covalent attachment between the hydrogel and 
gold surface. This was achieved through  [2+2] cyclodimerization reaction between the 
dimethyl maleimide group present in the adhesion promoter as a head group and dimethyl 
maleimide group present as a part of comonomer in the polymer chains of the photo-
crosslinkable polymer (Figure 4.9). 
 
Dimethylmaleimide
group in copolymer
Dimethylmaleimide group 
in adhesion promoter  
 
Figure 4.9 Thin photo-crosslinked hydrogel layer covalently attached to the surface by an  
                  adhesion promoter. 
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4.4  Cyclam monomer 
In this study, a new ion selective ligand based on cyclam (1,4,8,11-tetraazocyclotetradecane) 
was synthesized in a three-step process as shown in Scheme 4.6. 
 
NHN
NH NH
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N N
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NNH
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NH NH
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15 16 17
18  
Scheme 4.6 Synthesis of cyclam monomer. 
                   (a) (boc)2O / CH2Cl2, RT, (b) AcrCl / Na2CO3, (c) TFA / CH2Cl2. 
 
The tert-butyloxycarbonyl group (boc) has been widely used for the selective protection of 
amino functions (polyamines, amino acids, peptides chains etc) [249, 250]. Therefore, it was 
utilized for the protection of nitrogens in the cyclam moiety. The triprotected cyclam (16) was 
synthesized in a statistical fashion by taking different equivalents of di-tert-butyldicarbonate 
(boc2O). It was observed that 2.4 equivalents of boc2O produced maximum yield of the 
compound (16). The product (16) was separated from the byproducts, like di- and 
tetraprotected cyclam by column chromatography. Incorporation of the acryloyl moiety onto 
the cyclam ring was tried by reaction of acryloyl chloride with a solution of (16) in pyridine. 
The attempts using this process were unsuccessful. The addition of acrylic acid to the boc-
protected cyclam in the presence of dicyclocarbodiimide (DCC) resulted in the formation of 
cyclam monomer. However, this process produced dicyclohexylurea as a byproduct, which 
was difficult to remove from the reaction mixture. Therefore, acryloyl chloride along with 
sodium carbonate was employed for the synthesis of (17) and the product was further purified 
by column chromatography. Synthesis of the cyclam monomer (18) was achieved by the 
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deprotection of the cyclam derivative (17) by trifluoroacetic acid (TFA) [249, 251]. The 
cyclam monomer was obtained as a TFA salt. 
 
4.5  Properties of synthesized copolymers 
4.5.1  HEMA photo-crosslinkable polymers 
HEMA based hydrogels have been widely studied for their biomedical applications [14, 15] 
and in the manufacture of soft contact lenses [95, 96]. The macroporous sponge structure and 
water content in HEMA hydrogels have been investigated in details [98, 99]. Moreover, the 
HEMA based hydrogel have been used as a potential guidance channel in the nervous system 
[102]. However, there are only few reports where a surface attached patternable HEMA has 
been investigated [106]. This section describes the synthesis and properties properties of such 
photo-crosslinkable HEMA polymers. 
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Scheme: 4.7 Synthesis of HEMA photo-crosslinkable polymer. 
 
The copolymers of HEMA with DMIA as a photo-crosslinker were obtained by the free 
radical polymerization in ethanol using AIBN as initiator (Scheme 4.7). To study the effect of 
photo-crosslinker content on the properties of copolymers, different copolymers with 2, 5 and 
10 mol-% of DMIA were synthesized. The photo-crosslinkable polymers of HEMA are 
referred as HEMA followed by the mol-% feed composition of the acrylate photo-crosslinker 
(for example HEMA2). The properties investigated were molecular weight, copolymer 
composition, film formation and swelling behavior. Due to the structural similarity of DMIA 
with HEMA, it is believed that an ideal copolymer is obtained with randomly distributed 
photo-crosslinker.  
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Polymer Polymer composition (mol-%) 
HEMA / DMIA 
Mw 
[g/mol] 
Mw/Mn 
HEMA2 98.9 / 1.1 42700 2.07 
HEMA5 97.2 / 2.8 16300 1.86 
HEMA10 93.9 / 6.1 10600 1.67 
 
Table 4.2 Physical properties of synthesized HEMA photo-crosslinkable polymer. 
 
The physical properties of the poly (HEMA-co-DMIA) are listed in Table 4.2. HEMA 
copolymers with 2, 5 and 10 mol-% feed DMIA show polydispersity indices of 2.07, 1.86 and 
1.67 respectively. A broad molecular weight distribution is obtained for all HEMA 
copolymers, which is characteristic of a conventional free radical polymerization. Further, the 
Mw value for HEMA2, HEMA5 and HEMA10 was estimated to be 42700 g/mol, 16300 
g/mol, 10600 g/mol. This implies that an increase in DMIA content causes an decrease in the 
molecular weight (Mw) of the copolymer. This can be attributed to the fact that the dimethyl 
maleimide group acts as a polymerization regulator being able to take over the radical 
function. This radical is not able to propagate the chain growth due to the steric hindrance. 
Moreover, the free radical polymerization at 70 °C does not result in thermal crosslinking of 
HEMA or DMIA chains. The hydrophilic photo-crosslinkable HEMA copolymers were 
synthesized to form a base layer in the multilayer assembly for various applications from 
actuator materials in microsystems and cell attachment-detachment processes. The presence 
of hydroxyl group on HEMA photo-crosslinkable polymers can be further utilized to modify a 
surface of a desired substrate.  
 
DMIA (mol-%) 
Polymer composition 
Polymer 
Feed composition 
by NMR by UV 
HEMA2 2 0.8 1.1 
HEMA5 5 1.7 2.8 
HEMA10 10 4.2 6.1 
 
Table 4.3 DMIA estimation in HEMA photo-crosslinkable polymers. 
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The advantage with all synthesized photo-crosslinkable polymers (like HEMA copolymers) is 
that the exact crosslink density can be determined. This gives an idea about polymer 
composition, crosslinking density and swelling behavior of these polymers in the form of thin 
films.  
1H NMR and UV-VIS spectroscopy were used to determine the DMIA content in HEMA 
copolymers. 1H NMR spectra of the copolymers of HEMA show peak of protons around 1.9 
ppm from DMIA’s two methyl groups. The Intensity of this peak increases with the increase 
in the DMIA content. For HEMA10 copolymer, the 13 C NMR spectra shows a peak for 2 CH3 
at 8.4 ppm, which matches with a similar peak in the DMIA monomer. Comparison of the 
peak intensities of the proton from DMIA and methyl group of HEMA gives an estimate of 
the photo-crosslinker content in the copolymers (Table 4.3).  
 It was observed that the DMIA exhibits an UV absorption band around 305 nm due to the 
presence of conjugated system of carbonyl and double bond in maleimide group. The 
intensity of this band was found to be dependent on DMIA content in HEMA copolymers 
(Figure 4.10). 
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Figure 4.10 UV-VIS spectras for HEMA photo-crosslinkable polymers. 
 
An increase in the DMIA content in the feed mixture increases the absorption band around 
305 nm in HEMA copolymers. For instance copolymers with low DMIA content like 
HEMA2 (2 mol-% DMIA in the feed mixture) an absorbance of 0.09 units was observed. The 
absorbance increases to 0.49 for polymer with higher DMIA content of 10 mol-% and 
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intermediate absorbance value of 0.22 units was observed for 5 mol-% DMIA in HEMA 
copolymer. Thus, on the basis of these observations, it can be concluded from 1H NMR and 
UV-VIS spectroscopy that the DMIA content in the copolymer increases with increasing its 
amount in the feed mixture. However, the NMR values indicate comparatively lower amount 
of DMIA than with UV spectroscopy (Table 4.3). This may be related to the fact that the 
trace amount of impurity in the form of solvent in NMR samples and overlapping of the 
protons signals could increase the intensity of the proton signal from HEMA component in 
the copolymer. This might have contributed to the discrepancy between the results from NMR 
and UV-VIS for the DMIA estimation. The exact quantitative yields of HEMA copolymers 
were not possible due the poor precipitation of polymer in solvents like pentane and 
diethylether. It can be summarized that HEMA photo-crosslinkable polymers with varying 
mol-% of acrylate photo-crosslinker were successfully synthesized and characterized. The 
swelling behavior of such polymers in the form of thin hydrogel films is described in Section 
4.8.2. 
 
4.5.2 DMAAm photo-crosslinkable polymers 
DMAAm photo-crosslinkable polymers were synthesized by a free radical polymerization of 
DMAAm with its respective photo-crosslinker. DMAAm is also a hydrophilic monomer like 
HEMA. The solubility of DMAAm polymers in variety of common solvents makes it more 
attractive for thin film formation and patterning [6, 92]. Acrylamide photo-crosslinker 
(DMIAAm) was copolymerized with DMAAm due to its structural similarity to DMAAm.  
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Scheme 4.8 Synthesis of DMAAm photo-crosslinkable polymer. 
 
The copolymers with 2 and 5 mol-% of DMIAAm were synthesized as described in Scheme 
4.8. The photo-crosslinkable polymers of DMAAm are referred as DMAAm followed by the 
mol-% feed composition of the acrylamide photo-crosslinker (for example DMAAm5).  
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DMIAAm (mol-%) 
Polymer composition 
Polymer 
Feed composition 
by NMR by UV 
DMAAm2 2 1.6 1.8 
DMAAm5 5 2.8 5.3 
 
Table 4.4 DMIAAm estimation in DMAAm photo-crosslinkable polymers. 
 
The polydispersity indices of DMAAm photo-crosslinkable polymer also decreased with 
increasing mol-% of DMIAAm. The molecular weights were in the range of Mw = 51,000 to 
71,000. The amount of DMIAAm in DMAAm photo-crosslinkable polymers was estimated 
by 1H NMR and UV-VIS spectroscopy (Table 4.4). The peak intensity of methyl proton from 
DMIAAm in 1H NMR increases with increasing its amount in the feed mixture. The 
comparison of peak intensities of methyl proton from DMIAAm with that of DMAAm 
protons gives the mol-% of DMIAAm in the copolymers. The UV-VIS absorption of 
DMIAAm in DMAAm copolymers increases with increase in its content in the feed mixture 
(Figure 4.11). It was observed that similar to the HEMA copolymers, the DMAAm 
copolymers also show a higher photo-crosslinker content by UV-VIS spectroscopy in 
comparison with NMR (Table 4.4). It can be summarized that DMAAm photo-crosslinkable 
polymers with varying mol-% of DMIAAm were synthesized and characterized.  
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Figure 4.11 UV-VIS spectra for DMAAm photo-crosslinkable polymers. 
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4.5.3  PVA and polyglycidols photo-crosslinkable polymers 
PVA photo-crosslinkable polymers 
The modification of PVA with DMIPA and DMIPACl was attempted to obtain photo-
crosslinkable PVA with varying content of photo-crosslinker [107, 109]. PVA is an atactic, 
semicrystalline polymer and only soluble in highly polar solvents. Thin crosslinked PVA 
films by freeze thaw technique without any crosslinker and radiation have been recently 
reported [114, 116, 117]. These techniques are unable to generate patterns of crosslinked 
networks. In this study, attempts were made to synthesize photo-crosslinkable PVA by 
incorporation of dimethylmaleimide group using DMIPA and DMIPACl as photo-
crosslinkers, DMSO and NMP as solvents, DMAP and DCC as catalyst (Scheme 4.9). 
DMIPACl forms a reactive ion pair with dimethylaminopyridine (DMAP) and should increase 
the rate of esterification of PVA. The reaction in DMSO did not result in esterification of 
PVA by any photo-crosslinker. This may be related to the fact that in such system free ion 
formation between DMIPACl and DMAP is more favoured. Therefore, decrease in the ion 
pair may have caused slower reaction rate. The use of NMP as a solvent and additional 
methods to activate the carboxylic group of DMIPA was also investigated to incorporate 
photo-crosslinking moiety in PVA.  
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Scheme 4.9 Synthesis of photo-crosslinkable PVA. 
 
NMR and UV-VIS spectroscopy were used to estimate the presence of photo-crosslinker in 
polymer chains. 1H NMR of PVA modified with photo-crosslinker, shows an overlapping of 
proton peaks corresponding to the methylene group from DMIPACl with proton peaks of 
DMSO and H2O at 2.5 ppm and 3.4 ppm respectively. The typical adsorption peak in UV-VIS 
spectra of DMIPA at 305 nm was not observed in the above polymers. However, the presence 
of peak at 280 nm and its increasing intensity with increasing amount of DMIPACl in feed 
polymer indicates its presence in PVA chains. To confirm the crosslinking and effect of 
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photo-crosslinker on PVA, swelling measurements of modified PVA thin films was 
investigated by SPR and OWS.   
Polyglycidol photo-crosslinkable polymers 
Polyglycidols belong to the wide family of poly- and oligoethers derived from oxiranes. 
These polymers are widely used as surfactants, plasticizers, adhesives and coatings. It is 
expected that the thin polyglycidol crosslinked films will posses a high swelling ratio. 
Therefore, this part focuses on the synthesis of high molecular weight polyglycidol and its 
subsequent conversion leading to the formation of photo-crosslinkable polyglycidol. The 
polyglycidol was synthesized by using a Vandenberg initiator, a partially hydrolysed ZnEt2 
[252] (Scheme 4.10). The product, poly(ethoxyethyl glycidyl ether) was then hydrolysed 
using  3 M HCl to cleave the protecting group. The absence of peak at 2.1 ppm in 1H NMR 
spectra of the product confirmed the cleavage of the protecting group. The molecular weights 
determined by GPC shows Mw value of 400,000 g/mol and polydispersity index of 1.74. 
Therefore, a high molecular weight polyglycidol was obtained with a broader molar mass 
distribution. Attempts were made to partially esterify the polyglycidol with photo-crosslinker 
(DMIPACl). Similar methods, as described for the esterification of PVA were used to 
incorporate the photo-crosslinking moiety in the polyglycidol. For instance, DMIPACl as 
photo-crosslinker, DMSO and NMP as solvents and DMAP as catalyst were used. The 
reaction in DMSO and NMP produced insoluble precipitate upon addition to diethylether. 
Therefore, further investigations were not possible due to the insolubility of the obtained 
product. It is believed that the polyglycidol might have crosslinked under the investigated 
reaction conditions. 
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Scheme 4.10 Synthesis of poly (glycidol). 
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4.5.4  NIPAAm copolymer with acrylaminoalkanoic acids 
The Lower Critical Solution Temperature (LCST) of homo NIPAAm polymer is around 32 
°C. The sharp transition from soluble to insoluble polymer is due to a good balance between 
the hydrophobic and the hydrophilic interaction in the polymer [33, 73]. An increase in the 
temperature of an aqueous NIPAAm polymer solution above the LCST causes a coil to 
globule transition followed by a phase separation [34, 35]. This behavior of NIPAAm 
polymer makes it useful for applications like biocatalysis and bioseparation. The basic 
approach for such an application is explained in Section 2.7.1. For instance, NIPAAm can be 
covalently attached to enzymes and antibodies [20, 190, 191-193]. Heating the solution 
(above LCST) can successfully remove the NIPAAm-enzyme system, which can be reused 
for further processes [20]. To visualize such a NIPAAm-enzyme bioconjugate, modification 
of NIPAAm polymer is required. Therefore, the aim of this part of study is to synthesize the 
NIPAAm copolymer with various acrylaminoalkanoic acids and to investigate its application 
in the formation of a bioconjugate. 
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Scheme 4.11 Synthesis of acrylaminoalkanoic acids. 
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Scheme 4.12 Synthesis of copolymer of NIPAAm with acrylaminoalkanoic acids. 
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Acrylaminoalkanoic acids were synthesized according to the known procedures [73] by the 
reaction of amino acids with acryloyl chloride (Scheme 4.11). The reaction and purification 
conditions however were dependent on the structure of the amino acids. For instance, 6-
acrylaminohexanoic acid was prepared from the reaction of 6-aminohexanoic acid with 
acryloyl chloride as described in the literature [73]. 11-acrylaminoundecanoic acid was 
synthesized by the reaction of 11-aminoundecanoic acid with acryloyl chloride according to 
the procedure mentioned in the literature [238]. 
 
Polymer Feed composition 
NIPAAm / acrylaminoalkanoic acid 
Mw 
(g / mol) 
Mw/Mn LCST 
(°C) 
C5AAm2 98 / 02 74,400 1.59 30.4 
C5AAm5 95 / 05 58,600 1.58 28.8 
C10AAm2 98 / 02 84,500 1.50 22.8 
C10AAm5 95 / 05 98,000 1.62 14.8 
 
Table 4.5 Physical properties of copolymer of NIPAAm with acrylaminoalkanoic acids. 
 
The copolymer of NIPAAm with acrylaminoalkanoic acids were synthesized by free radical 
polymerization and are represented as CnAAmY where n shows the number of methylene 
groups and Y shows the mol-% of acrylaminoalkanoic acid (for e.g. C5AAm2) (Scheme 4.12). 
The list of copolymers with different compositions and different comonomers is shown in 
Table 4.5. The weight average molecular weight (Mw) determined by the GPC (DMF as 
solvent) shows values between 98,000 and 58,600 g/mol and the polydispersity index between 
1.50 and 1.62.  
The transition temperature was determined by DSC technique, as it allows the measurement 
of the heat of phase transition over a wide range of temperature and pH values. The polymer 
solution (5-wt%) in water was used for DSC measurements, as this corresponds to the 
concentration of the polymer in a swollen network. The onset in the DSC thermogram was 
taken as the transition temperature and these values are listed in the Table 4.5. The data 
reveals important information that an increase in the methylene group (spacer) in the 
comonomer causes a decrease in the transition temperature. This implies that 11-
acrylaminoundecanoic acid with a long spacer group increases the hydrophobicity of the 
system due to the presence of its ten methylene group and this ultimately decreases the 
transition temperature. On the other hand, the copolymer of NIPAAm with 6-
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acrylaminohexanoic acid also show only a slight decrease in the transition temperature due to 
the presence of less number of hydrophobic methylene moieties. It was observed that an 
increase in the mol-% of the acrylaminoalkanoic acids also causes a decrease in the transition 
temperature. Similar reasons are assigned for this behavior, as discussed above. Thus, it can 
be concluded from these results that the hydrophobicity in the NIPAAm copolymers can be 
increased either by increasing the mol-% of the comonomer or by increasing the spacer length 
(methylene groups) in the comonomer. These copolymers of NIPAAm were further used in 
the formation of polymer-trypsin bioconjugate.  
 
Application of soluble stimuli sensitive polymers. 
The copolymers C5AAm2 and C5AAm5 with a phase transition temperature of 30.4 °C and 
28.8 °C respectively were investigated for the synthesis of bioconjugate of trypsin with 
stimuli sensitive polymer. Trypsin is one of the three proteolytic enzyme and is used in the 
digestive process. Trypsin breaks the dietary protein molecules to their components peptides 
and amino acids. It is the most discriminatory of all the proteolytic enzymes as it cleaves 
peptide bonds only at carboxyl side of lysine and arginine residues. Trypsin is prone to 
autolysis i.e. self degradiation. Therefore, working with trypsin in vitro, the process of 
autolysis often poses some problem. The immobilization of trypsin on stimuli sensitive 
polymers offers a way of creating reusable biocatalysts and also reduces the autolysis. The 
conventional methods involving the linkage of enzyme to a solid substrate show low activities 
due to the diffusion constraints. Unfortunately many bioconversions of biotechnological 
importance involve either macromolecular and /or insoluble substrates such as starch, 
cellulose and proteins. Hence, the present study provides an alternative to link enzymes to 
stimuli-sensitive polymers like NIPAAm. The bioconjugate of trypsin with C5AAm5 was 
synthesized by carbodiimide-NHS (N-hydroxysuccinimide) coupling method*.  Thus, the 
biocatalyst is now in soluble state and can be recovered for reuse by precipitation in response 
to a stimulus. Preliminary results from this study, shows that an increased enzymatic activity 
in terms of high effectiveness factor (defined as the rate of the reaction catalyzed by the 
immobilized enzyme to the rate of the reaction catalyzed by the same enzyme concentration 
in free form) was observed for the conjugates. The immobilized enzyme also showed stability 
to autolysis at 50 °C. Therefore, on the basis of these observation it is expected that the 
formation of bioconjugate of trypsin with polymer provides a reusable biocatalysts with 
improved efficiency and stability. The NIPAAm copolymer with acrylaminoalkanoic acids 
                                                 
* Studies related to the bioconjugate of trypsin were carried out by Prof. M. N. Gupta (IIT), Delhi.  
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are the basis for such system and can be further used the formation of other bioconjugates or 
in bioseparation processes. 
 
4.5.5  NIPAAm photo-crosslinkable polymers 
The transition temperature (Tc) of NIPAAm copolymers can be modified by a hydrophilic or 
hydrophobic comonomer. This phenomenon has already been explained on the basis of 
intermolecular and intramolecular hydrogen bond formation between the solvent (water) and 
polymer chains. A part of the objective of this study is to develop NIPAAm photo-
crosslinkable polymers with wide range of transition temperature. To accomplish this task 
terpolymers of NIPAAm, DMIAAm and DMAAm were prepared in different compositions to 
obtain temperature sensitive, photo-crosslinkable and biocompatible polymers.  
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Scheme 4.13 Synthesis of NIPAAm photo-crosslinkable polymer with DMAAm as a  
                      hydrophilic comonomer. 
 
The polymers were synthesized by the random free radical polymerization using AIBN as an 
initiator and 1,4-dioxane as a solvent (Scheme 4.13). The photo-crosslinkable polymers of 
NIPAAm are referred as NIPAAm followed by the mol-% feed composition of the 
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dimethylamide acrylamide in the feed mixture (for example NIPAAm5). DMIAAm in 
terpolymers acts as a photo-crosslinker and DMAAm as a hydrophilic component. The 
incorporation of DMIAAm decreases the Tc the NIPAAm by 6-8 °C, hence to counter this 
effect, hydrophilic DMAAm was introduced as a third component in various mol-% (~5 to 50 
%). The properties of resulting polymers are mentioned in Table 4.6. Constant DMIAAm 
content of 5 mol-% in feed mixture produced terpolymer with DMIAAm content in the range 
2.3 to 2.9 mol-%. The molecular weights (Mw) were estimated to be in the range of 37000 
with polydispersity indices (Mw/Mn) of 1.9.  
 
Composition (mol-%) 
NIPAAm / DMAAm /DMIAAm 
Polymer 
Feed  Polymer 
Tc (DSC) 
(°C) 
NIPAAm5 90 / 05 / 05 91.9 / 5.4 / 2.7 28.2 
NIPAAm10 85 / 10 / 05 84.2 / 12.9 / 2.9   30.6 
NIPAAm20 75 / 20 / 05 75.6 / 21.8 / 2.6 33.7 
NIPAAm30 65 / 30 / 05 65.1 / 32.7 / 2.3 39.2 
NIPAAm40 55 / 40 / 05 56.9 / 40.6 / 2.6 45.3 
NIPAAm50 45 / 50 / 05 44.7 / 52.6 / 2.7 53.4 
 
Table 4.6 Physical properties of synthesized NIPAAm photo-crosslinkable polymers. 
 
Incorporation of DMAAm in the NIPAAm increases the Tc of the NIPAAm copolymers [7, 
88]. It has been previously shown that the Tc and swelling of NIPAAm polymers is also 
largely affected by varying the amount of crosslinker [38, 52, 88]. Above-mentioned 
NIPAAm terpolymers were investigated by DSC, which is a convenient technique to study 
the phase transition behavior of thermosensitive polymers. The phase transition temperature 
and the corresponding heats of transition show that with the increase in the mol-% of 
hydrophilic DMAAm causes an increase in the Tc and decrease in the heat of transition. It has 
been suggested that LCST behavior is caused by a critical hydrophobic / hydrophilic balance 
of the polymer side chains [33, 57]. At low temperatures, the strong hydrogen bonding 
between the hydrophilic groups and water leads to a good solubility of the polymer in water. 
This is also accompanied by the structuring of water around the hydrophobic N-isopropyl 
group, which carries a high entropic penalty [73]. Tc is the temperature above which the 
entropy term dominates the otherwise exothermic enthalpy of the hydrogen bonds. The free 
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energy change becomes positive with the consequence of phase separation. The heat of phase 
separation in an aqueous NIPAAm polymer solution is primarily related to the destructuring 
of water around hydrophobic N-isopropyl groups. An increase in the hydrophilicity of the 
polymer leads to a decrease in the amount of  structured water below Tc  [33]. As the enthalpy 
of mixing decreases, the entropy of mixing decreases to a greater extend, resulting in an 
increase in Tc. Thus Tc is influenced by both the amount of comonomer and its hydrophilicity.  
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Figure 4.12 Influence of DMAAm on the Tc of NIPAAm photo-crosslinkable polymers. 
 
Table 4.6 shows that Tc of the NIPAAm terpolymers (uncrosslinked) increases with the 
increase in the amount of DMAAm mol-%. Figure 4.12 shows a linear relationship between 
the Tc and DMAAm mol-%. Such a detailed study on the effect of hydrophilic comonomer on 
Tc of NIPAAm provides an opportunity to formulate thermosensitive polymers with desired 
transition temperature and swelling ratio for various applications. The volume degree of 
swelling and Tc of these polymers in the form of thin film is discussed in Section 4.8.6. 
 
4.5.6  Photo-crosslinkable ion selective NIPAAm polymer 
Temperature dependent phase transition of NIPAAm polymers is well known. However, there 
are few reports, which deal with the phase-transition behavior of these polymers due to the 
presence of particular metal-ion / ligand interactions [79]. The latter should be interesting 
because polymer / metal-ion interactions are generally important from the application point of 
view. To study such interactions, ion selective photo-crosslinkable NIPAAm polymer was 
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synthesized by incorporating a transition metal-ion selective aza crown-ether (i.e. cyclam) in 
the PNIPAAm chains along with DMIAAm as a photo-crosslinker (Scheme 4.14).  
Complex formation properties of open chain ligands with metal ions are always not specific to 
a particular set of metal ions. Thus, cyclam (1,4,8,11-tetraazocyclotetradecane) was selected 
as an ion selective ligand.  It is a macrocyclic ligand and provides a cavity most properly 
sized for the planar coordination of transition metal cations M2+ according to the reaction 
shown in equation 4.1. 
M2+ + cyclam M(cyclam)2+
kf
kd  
Equation 4.1 
 
The reported complex formation constants KC = kf / kd of the species [Ni(cyclam)]2+ (log KC = 
22.2) and [Cu(cyclam)]2+ (log KC = 27.2 ) are large due to a very small dissociation rate 
constants kd. This means that even under 1:1 conditions, complex formation with Ni2+ and 
Cu2+ proceeds to completion and the reverse reaction can be neglected [253, 254]. In addition, 
complex formation has also been found with other metal ions like ([Zn(cyclam)]2+ (log KC = 
15.5), [Co(cyclam)]2+ (log KC = 12.7) and [Cd(cyclam)]2+ (log KC = 11.2)) [253].  
The synthesis of cyclam monomer involved protection of three nitrogen atoms in cyclam 
moiety by boc groups. The reaction with acryloyl chloride and subsequent removal of boc 
groups by TFA produced cyclam monomer. The initial attempts involving the use of cyclam 
monomer for synthesis of desired polymer were unsuccessful. This may be related due to the 
fact that cyclam monomer was obtained as a TFA salt and was not soluble in solvents like 
1,4-dioxane used for polymerization. The reaction in DMSO gave similar result producing an 
insoluble precipitate in the reaction mixture. Photo-crosslinkable ion selective NIPAAm was 
finally synthesized in a two-step process as outlined in Scheme 4.14. Initial step involved the 
free radical polymerization of boc protected cyclam monomer along with NIPAAm and 
DMIAAm using AIBN as initiator. In the second step the boc protecting group were 
selectively cleaved using TFA. The molecular weight of the polymer calculated from the boc 
protected photo-crosslinkable ion selective NIPAAm shows a Mw value of 17,800 g/mol with 
polydispersity index of 1.37. The composition of polymer estimated by 1H NMR shows 
NIPAAm = 88.9 mol-%, cyclam = 5.9 mol-% and DMIAAm = 5.0 mol-%. Cyclam mol-% 
was estimated from the 1H NMR peak intensity of boc group between 1.42-1.53 ppm in boc 
protected photo-crosslinkable ion selective NIPAAm polymer. 
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Scheme 4.14 Synthesis of NIPAAm photo-crosslinkable polymer with cyclam monomer as an 
                      ion selective component. 
 
NIPAAm and DMIAAm mol -% were estimated from the 1H NMR peak intensity of these 
components in the final product. It can be summarized that the NIPAAm photo-crosslinkable 
polymer with cyclam as an ion selective monomer was synthesized and swelling behavior of 
this polymer investigated by SPR is described in Section 4.8.8. 
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4.6  Photo-crosslinking and surface attachment of hydrogels 
Hydrogels prepared by free radical polymerization with conventional crosslinkers like BIS 
(N,N´-methylene-bis-acrylamide) for NIPAAm and ethylene dimethacrylate (EDMA) for 
HEMA produces voluminous gels [33]. Using these methods it is rather difficult to prepare 
multilayer assembly of thin films with patterned surfaces for application in microsystems and 
cell attachment-detachment processes on selective hydrogel areas. One solution to this 
problem is preparation of gel films from narrowly distributed spherical microgel particles 
[255] by sequential chemical reactions or by branching of the sensitive polymer onto the 
surface [113, 129-131]. However, in this study a novel photo-crosslinking method has been 
utilized to develop thin polymer layer of NIPAAm, HEMA, DMAAm etc as described in 
Figure 4.13.  
DMIA (acrylate photo-crosslinker), DMIAAm (acrylamide photo-crosslinker), DMITAc 
(adhesion promoter) and DMIPA / DMIPACl (Polyol photo-crosslinkers) were synthesized 
for crosslinking because the maleimide moiety in these compounds form a stable dimer [119-
123] in presence of UV irradiation. The above-mentioned compounds were copolymerized 
with respective monomers or were directly adsorbed on the surface. Spin coating process was 
used to obtain thin uniform film of the polymer. DMSO as a solvent produced inhomogeneous 
films on the gold surface for HEMA based polymers. This was confirmed by the absence of 
total internal reflection in SPR angle scan. The use of ethanol as a solvent produced 
homogenous HEMA films. Similarly, for NIPAAm and DMAAm polymers, cyclohexanone 
produced homogeneous films. The [2+2] cyclodimerization reaction of dimethylmaleimide 
groups is not influenced by oxygen and therefore the crosslinking reaction was performed 
under laboratory conditions. The UV absorption of the maleimide moiety in photo-crosslinker 
lies in the region around 270-300 nm. Section 4.10 explains the disappearance of transition 
temperature of NIPAAm photo-crosslinkable polymer film when light source with deep UV 
was used for crosslinking. To achieve photo-crosslinking in the near UV (360-430 nm) 
region, thioxanthone was used as a photosensitizer. It transfers the energy of absorbed light to 
a polymer’s photoreactive moieties causing them to enter the excited state. In principle, the 
presence of photosensitizer decreases the energy required for photo-crosslinking. 
Photo-crosslinking occurs by the homo-addition of the π-electron system of the two 
photoreactive side groups (maleimide moiety), which were covalently bound to the polymer 
chain [160]. Upon UV irradiation (>310nm), the electron system of the maleimide moiety 
shifts from their ground state to an excited state, through an absorption of the light. The side 
group converts into short-lived reactive intermediate, which reacts with the nearby molecule 
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forming covalent stable adducts. These adduct produced insoluble polymer networks of 
NIPAAm, HEMA and DMAAm etc.  
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Figure 4.13 Simultaneous photo-crosslinking and surface attachment of thin hydrogel     
                    layer to the substrate. 
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Factors, which influenced the kinetics of photo-crosslinking were irradiation wavelength and 
intensity, reaction time, properties and concentration of photo-crosslinker, composition of the 
photoreactive polymers and presence of photosensitizer. Presence of adhesion promoter 
resulted in surface attachment of hydrogel to the substrate. The maleimide group in adhesion 
promoter reacted with a similar group present in the spin coated photo-crosslinkable polymer 
through above mentioned [2+2] cyclodimerization reaction. Au-S bond on other hand resulted 
in the covalent attachment of the hydrogel to the substrate.  
 
Summary- Photo-crosslinkable polymers of DMAAm, NIPAAm and HEMA were 
successfully crosslinked and covalently attached to the surface by photo-crosslinking process. 
These crosslinked networks produced thin hydrogel films, which were further investigated in 
details by using a combination of SPR and OWS (described in Section 4.7). 
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4.7  Surface Plasmon Resonance (SPR) Spectroscopy and    
       Optical Waveguide Spectroscopy (OWS) 
4.7.1  Introduction 
A combination of Surface Plasmon Resonance (SPR) Spectroscopy and Optical 
Waveguide Spectroscopy (OWS) was used to determine the refractive index, film 
thickness and swelling behavior of thin photo-crosslinked hydrogel films. Both the 
techniques are surface sensitive and principle is based on the detection of refractive index 
changes in a thin dielectric layer on top of a metal surface and probed by the evanescent 
field of a laser beam. The reflected intensity of the beam is recorded as a function of 
incident angle and it decreases dramatically as the light couples into the plasmon mode of 
the metal or the waveguide of the dielectric. The evanescent wave of the plasmon decays 
exponentially into the dielectric and therefore it makes SPR as a surface sensitive 
technique. For the dielectric with known refractive index, this technique provides 
information about the film thickness or vice a versa.  
The same set up was used for the determination of film thickness in case of thick films 
(dry thickness > 500 nm) by using Optical Waveguide Spectroscopy. For thicker films 
the position of the plasmon minima is sensitive only to the refractive index while the 
position of waveguide modes depends on both film thickness and refractive index. OWS 
gives more accurate results, as film thickness and refractive index could be determined 
independently.  
In order to obtain uniform thickness of thin film, spin coating was used as this gives 
precise control over film thickness with a suitable spin speed. Thus, a solution of linear 
uncrosslinked polymer was spin coated at 3000 rpm for 180 sec on gold-coated SPR 
substrates. The polymer concentration ranged from 2.5 to 15 wt-% and the resulting film 
thickness varied with the viscosity of the solution. The films were then vacuum dried and 
photo-crosslinked. Thickness of all the dry films and swollen hydrogels were investigated 
by a combination of SPR and OWS. In the later part of the discussion, combination of 
SPR and OWS measurements will be referred as SPR measurements. The refractive 
index of PBS buffer is temperature dependent and was taken into account while doing the 
Fresnel calculations.   
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4.7.2  Interpretation of SPR data 
SPR angular scans for the gold coatings on LaSFN9 were analyzed by fitting to Fresnel 
calculations. The experimental SPR scan and its fit from Fresnel calculations for 45 nm 
gold coating are described in the Figure 4.14. For the gold layer, a plasmon minimum 
was observed at 25.6° and a total internal reflection was seen at 22.2°. Results from the 
Fresnel calculations are in agreement with the experimental values and provides an exact 
thickness (49.5 nm) and refractive index (Esp X real = -12.0955, Esp X imag = 1.6164) 
of the gold layer on top of LaSFN9 glass. 
 
 
 
Figure 4.14 SPR angular scans for gold surface. (■) experimental value; (─) Fresnel  
                    calculations. 
 
Chemical vapor deposition of gold on LaSFN9 gives a rough thickness of 45 to 50 nm. 
Therefore, SPR data from each gold layer was fit to Fresnel calculations to estimate the 
exact thickness and refractive index [175]. 
For the interpretation of Fresnel calculations of the photo-crosslinked thin layer, a simple 
box model was used [7, 8, 91]. Such a model requires a thin uniform film of polymer, 
which was obtained by spin coating a polymer solution from suitable solvent. For thin 
hydrogel film (obtained from 5 wt-% polymer solution) with dry thickness of ~200 nm 
and swollen thickness of ~ 800 nm, a single layer hydrogel model was used.  Fits from 
this model were consistent with the experimental values. 
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4.7.3  New model for a multilayer hydrogel assembly 
SPR angular scans obtained for a multilayer hydrogel assembly involving DMAAm5 as a 
hydrophilic base layer and NIPAAm15 as a stimuli sensitive layer were analyzed by 
Fresnel calculations. For such a multilayer, the SPR angular scans were also modeled as a 
single layer with one refractive index. However, the results were not consistent with the 
experimental values.  
 
Fit –1 
 
 
Fit-2 
 
 
Figure 4.15 SPR angular scans for a swollen multilayer assembly at 33.4 °C in PBS  
                    buffer. (■) experimental value; (─) Fresnel fit modeled as a single layer.  
                    Fit-1 shows refractive index = 1.406 and film thickness = 960 nm and Fit-2    
                    shows refractive index = 1.390 and film thickness = 1316 nm. 
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This behavior is described in Figure 4.15, where the experimental values from either the 
waveguide modes or the plasmon minima are not in agreement with the Fresnel fits. In 
Figure 4.15 (Fit 1) the position of plasmon minima at 66.5° and second waveguide mode 
at 50.5° are consistent with the experimental values, however the first waveguide mode at 
47° is not consistent with the experimental values. In Figure 4.15 (Fit 2) both the 
waveguide modes are matching but plasmon minima is not matching with the 
experimental values. This behavior has been attributed due to the presence of two 
chemically different polymer films. 
As the single layer model gives a fit, which is not consistent with the experimental 
values, therefore a two-layer model was used to describe the multilayer hydrogel 
assembly. The refractive index of the two films was entered separately in the Fresnel 
calculations. Experimental values from Figure 4.15, now modeled as having two 
chemically different layers is described in Figure 4.16 and this Fresnel calculation fits all 
parts of the curve. Plasmon minima and both waveguide modes from SPR angular scans 
are in good agreement with this new model. Results from this fit for multilayer assembly 
are described in Section 4.9. 
 
 
Figure 4.16   SPR angular scans for a swollen multilayer assembly at 33.4 °C in PBS  
                      buffer. (■) experimental value; (─) Fresnel fit modeled as a double layer  
                      system, shows refractive index of lower hydrophilic layer = 1.406 and  
                      refractive index of top thermosensitive layer  = 1.388. 
 
For thicker films (with dry thickness > 550 nm), the SPR angular scans were also fitted as 
a single layer model with one refractive index. The fits were not consistent with the 
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experimental values. For such film an already reported model was used and results from 
such Fresnel calculations are mentioned in Section 4.8.7. 
Fresnel fits for thin films, multilayer assembly and thick films provides information about 
the refractive index of the polymer layer. Latter was converted to polymer fraction (φp) 
and volume degree of swelling (1/φp). Finally, such data were plotted with temperature to 
estimate the Tc of thermosensitive polymers. The results from SPR data interpretation for 
NIPAAm, HEMA, DMAAm, NIPAAm/Cyclam and multilayer assembly are described in 
next section.  
 
4.8  Swelling measurements by SPR 
4.8.1  Introduction 
This section describes the deswelling behavior of photo-crosslinked thin hydrogel layers. 
The initial part of this section presents the temperature dependent deswelling behavior of 
photo-crosslinked thin hydrogel layers based on HEMA, DMAAm, PVA and NIPAAm. 
The properties like volume degree of swelling (1/φp) and transition temperature (Tc) are 
thoroughly investigated by the combination of SPR and OWS. The later part of the 
section focuses on the effect of film thickness and effect of an ion selective ligand on the 
deswelling behavior of thermoresponsive hydrogel layer. 
 
4.8.2  Thin photo-crosslinked hydrogel layer of HEMA  
Swelling behavior of photo-crosslinked HEMA hydrogel layer with varying mol-% of 
acrylate photo-crosslinker (DMIA) was measured in PBS buffer by SPR. Effect of 
temperature on the SPR external angle of swollen HEMA10 hydrogel layer is described 
in Figure 4.17.  
Region 1 in Figure 4.17 shows a total internal refection of gold (1a) at 22.5° and of 
swollen HEMA10 hydrogel layer (1b) around 50°. Region 2 shows SPR plasmon minima 
for gold (2a) at 25.5° and for swollen HEMA10 hydrogel (2b) between 67.6 to 69°. 
Region 3 shows a waveguide mode, which generally appears in a swollen film or thick 
dry films. On the basis of these observations it is clear that there is no appreciable change 
in the SPR minima (2b) of swollen HEMA10 hydrogel layer at various temperatures. 
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Figure 4.17 SPR angle scans of 45 nm Au coated with DMITAc adhesion promoter in air 
                    and HEMA10 swollen hydrogel layer in PBS buffer at various temperatures. 
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Figure 4.18 Volume degree of swelling (1/φp) of HEMA photo-crosslinked hydrogel  
                    layer. 
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This indicates that the swollen HEMA hydrogel layer dimensions are not affected by the 
variation the temperature. It is known that HEMA based hydrogel are generally 
hydrophilic with temperature independent swelling. The refractive index of HEMA 
hydrogel layers obtained from Fresnel calculations of SPR scans was correlated to the 
polymer fraction (φp). The volume degree of swelling (1/φp) was calculated by taking a 
reciprocal of the polymer fraction. Figure 4.18 describes the swelling behavior of HEMA 
photo-crosslinked hydrogel layer at various temperatures (10 to 60 °C) in PBS buffer 
calculated from refractive index data obtained through SPR angle scans. Nearly 
temperature independent swelling is observed in all HEMA polymers studied. Polymer 
with 2 mol-% of DMIA in the feed mixture produced a volume degree of swelling (1/φp) 
of 3.2 and 3.5 at 12.8 °C and 63.2 °C respectively. For polymer with 10 mol-% of DMIA, 
1/φp of 2.0 and 2.4 was observed at 15.1 °C and 63.4 °C respectively. This implies that 
the swelling in all thin photo-crosslinked HEMA hydrogels layers were found to be 
independent of temperature but depends on content of photo-crosslinker (DMIA) in the 
polymer. Higher the photo-crosslinker content, lower is the swelling. 
 
Polymer Dry film 
thickness (nm) 
ηdry ηswollen 
 
1/φp d/do 
HEMA2 651 1.510 1.390 3.2 2.9 
HEMA10 536 1.508 1.423 2.0 1.8 
 
Table 4.7 Properties of HEMA photo-crosslinked hydrogel layer from SPR.            
 
Fresnel calculations for SPR angle scan also provide information on film thickness in dry 
and swollen state (Table 4.7). From this data, the swelling ratio, calculated as the ratio of 
the film thickness in the swollen state and in the dry state was also determined. HEMA2 
and HEMA10 hydrogel layers produced a swelling ratio of 2.9 and 1.8 respectively. The 
swelling ratio values are slightly lower than the volume degree of swelling. Apart from 
this trend, it was observed that swelling ratios also demonstrated a temperature 
independent and photo-crosslinker dependent swelling. All the thin films studied here 
were covalently attached to the gold surface. In comparison to the bulk gels, swelling in 
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these thin layers was restricted to a direction, which is perpendicular to the substrate. 
Anisotropy in the swelling was estimated by taking a ratio of volume degree of swelling 
(1/φp) to swelling ratio (d/do). Ratio of one shows a perfectly anisotropic swelling [91]. 
For both HEMA2 and HEMA10 a ratio of 1.1 was observed. Therefore, it could be 
concluded that surface attached photo-crosslinked HEMA hydrogel layers exhibited 
swelling in direction perpendicular to the substrate. However, some lateral swelling could 
not be ruled out.  
 
Summary for HEMA photo-crosslinkable polymers – Acrylate photo-crosslinker (DMIA) 
for HEMA was synthesized in a 2-step process. Photo-crosslinkable HEMA polymer was 
obtained through copolymerization of HEMA with DMIA by free radical polymerization. 
Crosslinking densities in the polymers were varied and molecular weights were 
determined by GPC. DMIA mol-% in the polymer was estimated using NMR and UV-
VIS spectroscopy. The swelling behavior of the polymer films was studied by SPR and 
OWS.  The volume degree of swelling was found to be independent of temperature but 
depends on the photo-crosslinker content in the polymer. Higher the photo-crosslinker 
content, lower is the swelling. These surface attached thin HEMA hydrogel layers 
exhibits anisotropic swelling.  
 
4.8.3  Thin photo-crosslinked hydrogel layer of DMAAm 
The swelling behavior of photo-crosslinked DMAAm hydrogel layer with varying mol-% 
of acrylamide photo-crosslinker (DMIAAm) was measured in PBS buffer. It is known 
that the DMAAm polymers are hydrophilic, therefore it is expected that these polymer 
will exhibit a similar behavior as observed for the HEMA photo-crosslinkable polymers. 
Unlike the HEMA based polymers, the DMAAm homo and copolymers are soluble in 
common organic solvent and hence are more suitable for the thin film formation. 
Therefore, as an alternative DMAAm photo-crosslinkable polymers were synthesized. 
The swelling behavior of photo-crosslinked DMAAm hydrogel investigated by SPR is 
shown in Figure 4.19. The refractive index of the hydrogel layer obtained from the SPR 
was converted to the polymer fraction (φp) and volume degree of swelling (1/φp).  
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Figure 4.19 Volume degree of swelling (1/φp) of DMAAm photo-crosslinked hydrogel  
                    layer. 
 
 
Notable features observed from the Figure 4.19 are that the swelling behavior of 
DMAAm photo-crosslinked hydrogel is independent of the temperature changes. 
DMAAm2 polymer with 2 mol-% of acrylamide photo-crosslinker in the feed mixture 
exhibits a volume degree of swelling (1/φp) of 3.8 between 22.6 °C and 56.2 °C.  
 
Polymer ηdry ηswollen 1/φp 
DMAAm2 1.473 1.380 3.8 
DMAAm5 1.476 1.424 2.0 
 
Table 4.8 Properties of DMAAm photo-crosslinked hydrogel layer from SPR.            
 
In addition, DMAAm5 polymer with 5 mol-% of acrylamide photo-crosslinker exhibits 
1/φp of 2.0-2.2 between 24.3 °C and 57 °C. This clearly suggests that though the swelling 
in photo-crosslinked DMAAm hydrogel is temperature independent, it depends on the 
mol-% of the photo-crosslinker. An increase in the photo-crosslinker results in decrease 
in the volume degree of swelling. Such polymers will be used as a base layer in the 
multilayer hydrogel assembly (described in the Section 4.9).  
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Summary for DMAAm photo-crosslinkable polymers – Acrylamide photo-crosslinker 
(DMAAm) was synthesized in a 4-step process. The photo-crosslinkable polymers of 
DMAAm were obtained by the copolymerization of DMAAm with DMIAAm in 
different mol-% of these monomers. The properties of the polymers were thoroughly 
investigated by GPC, NMR, and UV-VIS spectroscopy. Surface attached hydrogel layer 
of DMAAm polymer were synthesized and characterized by SPR.  The volume degree of 
swelling in such films was found to be independent of temperature changes and was 
dependent on the photo-crosslinker mol-% in the polymer.  
  
4.8.4  Crosslinking in absence of photo-crosslinker  
Thin films of the various homopolymers of HEMA, PVA, polyglycidol, NIPAAm and 
DMAAm were obtained by spin coating with an appropriate solvent on cleaned Si 
wafers. These films were irradiated with UV light (>310 nm) through a chromium mask 
to check the crosslinking in absence of a photo-crosslinker. For instance HEMA and 
polyglycidol polymer films show pattern, which indicate a partial crosslinking in these 
polymers. Attempts were made to study the kinetics of such crosslinking process by SPR. 
Therefore, HEMA homopolymer were spin coated on the gold-coated LaSFN9 substrates. 
The samples were crosslinked for 5, 10, 15, 20, 30 and 60 min. However, such films in 
PBS buffer show a very broad plasmon minima and no total internal reflection. These 
results indicate that the HEMA homopolymer films were not uniform due to 
inhomogeneous crosslinking of the film by UV irradiation (>310 nm). Apart from these 
results, crosslinking was not observed for NIPAAm, DMAAm and PVA films in absence 
of photo-crosslinking moiety. On the basis of these observations it can be expected that 
the crosslinking in photo-crosslinkable polymer of NIPAAm, DMAAm and PVA is only 
due to the presence of the photo-crosslinker.  
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4.8.5  Thin photo-crosslinked hydrogel layer of PVA 
The presence of dimethylmaleimide moiety in PVA thin films should result in a photo-
crosslinker dependent swelling. Higher the amount of photo-crosslinker, lower should be 
the swelling. PVA without any crosslinker should dissolve in water at higher temperature, 
and this can be easily detected by SPR measurements. DMSO as a solvent for spin 
coating of 2 to 5 wt-% modified PVA on SPR substrate (LaSFN9 + Au + adhesion 
promoter) with photo-crosslinker produced an inhomogeneous film. This was evident by 
the disappearance of total internal reflection and broad minima in the plot of SPR 
reflected intensity versus angle scans. Water as a solvent produced a homogenous film in 
absence of thioxanthone. However, it has been observed that thioxanthone is essential for 
photo-crosslinking of thin polymer film. It acts as a photosensitizer and transfers the 
energy of the absorbed light to polymer moieties, causing them to enter the excited state. 
In principle, the presence of such compounds decreases the energy required for photo-
crosslinking. Therefore, photo-crosslinking was also attempted in the absence of 
thioxanthone with UV light source (>250 nm). However, no crosslinking was observed. 
Absence of thioxanthone gives an excited state with a lesser lifetime. In such a case, PVA 
thin film being in the glassy state, the polymer mobility was restricted and was unable to 
find another maleimide moiety for formation of  [2+2] cyclodimerization in presence of 
UV light. Therefore, these results from NMR, UV-VIS and SPR indicate that it is 
difficult to confirm the presence of photo-crosslinker in PVA chains. The inhomogeneous 
film formation (with suitable solvents) for PVA on gold surface made it difficult to 
estimate the swelling behavior of PVA films in water and PBS buffer. 
 
4.8.6  Thin photo-crosslinked hydrogel of NIPAAm/DMAAm 
The swelling behavior of photo-crosslinked NIPAAm hydrogel with varying mol-% of 
DMAAm was measured in PBS buffer. Synthesis and properties of such NIPAAm based 
polymers are described in Section 3.5.10 and 4.5.5 respectively. DSC was used to 
determine the transition temperature (Tc). It was observed that with increasing the mol-% 
of DMAAm in NIPAAm terpolymers, the transition temperature increased linearly. The 
details of such Tc determination by DSC are described in Section 4.5.5. DSC provides 
information only related to Tc and gives no information about the swelling behavior of 
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such thermoresponsive polymers. It has been reported that there is a difference in the Tc 
of NIPAAm copolymers measured by DSC and other techniques. In order to investigate 
the swelling behavior, NIPAAm terpolymers with 5, 20, and 40 mol-% of DMAAm and 
constant acrylamide photo-crosslinker (5 mol-%) were spin coated to form thin hydrogel 
layers. The dry film thickness of all hydrogel layers from 5 wt-% polymer solutions was 
around 200 nm and thicker films were obtained by spin coating 10-15 wt-% polymer 
solution. Such surface attached films confined the swelling in one dimension resulting in 
a slight change in Tc.  
The effect of temperature on the SPR external angle of a photo-crosslinked NIPAAm thin 
hydrogel layer in PBS buffer is described in Figure 4.20. The scan shows two important 
features: (a) SPR minima between 61° and 73° (b) waveguide mode between 46° and 
48°. Unlike DMAAm and HEMA photo-crosslinked hydrogel layers, there appeared a 
drastic change in SPR minima around the transition temperature of NIPAAm photo-
crosslinked hydrogel thin layers. In addition the waveguide mode disappeared at higher 
temperatures.  
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Figure 4.20 SPR angle scan of a photo-crosslinked NIPAAm hydrogel layer at various      
                    temperatures in PBS buffer. 
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Figure 4.21 SPR plasmon minima of photo-crosslinked NIPAAm hydrogel layer with     
                    varying mol-% of DMAAm plotted as a function of temperature in PBS   
                    buffer.   
 
This is due to the fact that at higher temperature the polymer deswells resulting in 
decrease in hydrogel thickness. The transition temperatures of the NIPAAm hydrogel 
layers were also determined by plotting the SPR minima with temperature (Figure 4.21). 
The results were consistent with DSC values and higher Tc was observed for NIPAAm 
hydrogel film with higher mol-% of DMAAm.  
A better interpretation of the results was obtained by fitting the SPR angle scans to 
Fresnel calculations to determine refractive index (η) and film thickness (d) of the 
hydrogel layers. The film thickness of hydrogel layers from 5 wt-% solutions was in the 
order of 1 µm in the swollen state. Therefore, thickness (d) and refractive index (η) were 
determined without further assumptions, because these films could be fitted using a 
single layer model. The refractive index (η) of the NIPAAm photo-crosslinked hydrogel 
layers plotted as a function of temperature in PBS buffer is described in Figure 4.22. It 
was observed that the η increases rapidly near Tc and comparatively remains almost 
constant at temperatures above and below Tc. Sigmoidal fit of the data in the Figure 4.22 
shows that Tc increases with the increase in the mol-% of DMAAm in NIPAAm hydrogel 
layers. This is due to the hydrophilic nature of DMAAm.  
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Figure 4.22 Refractive index of the photo-crosslinked NIPAAm hydrogel layer with  
                    varying mol-% of DMAAm plotted as a function of temperature in PBS  
                    buffer.   
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Figure 4.23 Volume degree of swelling (1/ φp) of the photo-crosslinked NIPAAm    
                    hydrogel layer with varying mol-% of DMAAm plotted as a function of  
                    temperature in PBS buffer. 
 
The increase in Tc of thermoresponsive polymer due to a hydrophilic comonomer has 
been already explained in Section 4.5.5. The results are in agreement with the values 
obtained from DSC for these polymers. 
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The Tc values from the SPR measurements are found to be slightly higher than the DSC 
values (Figure 4.24). This might be due to the fact that Tc is defined as the mid point of 
the transition in a sigmoidal fit in SPR while DSC defines Tc as the onset of the 
endothermic process. In addition the measurements in SPR were performed in an 
equilibrium state and DSC is a dynamic technique. The Tc of a similar system without 
photo-crosslinker has been reported by Barker et al. [88]. Their results indicate that the 
LCST of a linear NIPAAm copolymer is lower than the corresponding crosslinked 
copolymer of the same composition quoted by Shibayama et al. [256]. Clearly 
crosslinking of the polymer reduces its segmental mobility both below and above the 
LCST and increases the critical temperature presumably by reducing the ∆Sfor the 
transition. Since ∆Sm will raise the temperature at which ∆Gm for the polymer-solvent 
mixing process becomes positive, given the assumption that for a particular DMAAm 
composition crosslinking has a minimal effect upon ∆Hm. Therefore, it is expected that 
linear copolymers will give slightly lower values of Tc [88]. 
 
Below Tc Above Tc Polymer Tc by SPR 
(°C) 
 (η)swollen  (1/φp)  (η)collapsed  (1/φp) 
NIPAAm5 31.7 1.378 4.0 1.451 1.6 
NIPAAm20 38.3 1.373 5.1 1.442 1.9 
NIPAAm40 46.5 1.354 8.2 1.414  2.3 
 
Table 4.9 Transition temperature (Tc), refractive index (η) and volume degree of  
                 swelling (1/φp) of NIPAAm photo-crosslinked hydrogel layers. 
 
As the mol-% of DMAAm increases in NIPAAm photo-crosslinked polymer, the value of 
η (collapsed) and η (swollen) of hydrogel layer decreases (Table 4.9). For NIPAAm5 
hydrogel layer with 5.0 mol-% DMAAm, a η (collapsed) value of 1.451 above Tc and a η 
(swollen) value of 1.378 below Tc was observed. For NIPAAm40 hydrogel layer with 40 
mol-% of DMAAm, a η (collapsed) value of 1.414 above Tc and a η (swollen) value of 
1.354 below Tc was observed. For further interpretation, the refractive index (η) obtained 
from Fresnel calculations was converted to polymer fraction and volume degree of 
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swelling (1/φp). The resulting curves for three hydrogel layers with 5, 20 and 40 mol-% 
DMAAm are shown in Figure 4.23. For NIPAAm40 hydrogel layer with 40 mol-% 
DMAAm, a 1/φp of 8.2 was observed below Tc. Collapsed state of this hydrogel shows a 
1/φp of 2.3. The hydrogel layer with 5.0 mol-% DMAAm shows a 1/φp of 4.0 and its 
collapsed state shows a 1/φp of 1.6.  These results clearly indicate that the volume degree 
of swelling in NIPAAm hydrogel layers is dependent on the mol-% of DMAAm. Higher 
the mol-% of DMAAm, larger is the volume degree of swelling.  
By raising the temperature above Tc, all hydrogel layers collapsed to different 1/φp 
values. The collapsed state was also found to be dependent on the mol-% of DMAAm in 
hydrogel layers. Higher the DMAAm mol-% in hydrogel layers, larger is the 1/φp in the 
collapsed state. It could be interpreted from these results that the DMAAm, which 
increases the swelling (below Tc) also results in a partially collapsed state at temperatures 
above Tc. This is due the hydrophilic nature of DMAAm, which retains water even after 
the PNIPAAm chains are collapsed.  
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Figure 4.24 Comparison of Tc of NIPAAm terpolymer from SPR and DSC. 
 
SPR instrument was also used for the estimation of film thickness and swelling ratio 
(d/do) of the hydrogel layers. For NIPAAm hydrogel layers with a dry thickness of ~200 
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nm, the collapsed film thickness at temperatures above Tc was found to be dependent on 
the DMAAm mol-% in the polymer. It was observed that the similar results were 
obtained from the swelling ratio and volume degree of swelling. The absence of 
waveguide mode at higher temperatures gives a slight error in the measurements of 
swelling ratios. Tc value was also determined by plotting d/do with temperature. NIPAAm 
hydrogel layer with higher DMAAm mol-% shows a higher transition temperature and 
higher swelling ratio. For NIPAAm40 hydrogel layer, a d/do of 6.5 and 1.5 was calculated 
below Tc and above Tc respectively. For NIPAAm15 hydrogel layer, a d/do of 3.9 and 1.1 
was calculated below Tc and above Tc respectively.  
The thin NIPAAm hydrogel layers were covalently attached to the surface, therefore the 
swelling was confined to one direction perpendicular to the substrate. The degree of 
anisotropy was calculated from ratio of 1/φp and swelling ratio. This ratio was found to 
be between 1.2-1.3.  
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4.8.7  Effect of hydrogel film thickness.  
The swelling ratio and the transition temperature of hydrogel is dependent on its film 
thickness due to the presence of a solid substrate [7, 8, 91, 257, 258]. To investigate the 
effect of film thickness on volume degree of swelling and transition temperature, 
NIPAAm15 polymer with 15 mol-% DMAAm and 2.7 mol-% DMIAAm was spin coated 
on SPR substrate. Hydrogel layers with different film thickness were obtained by using 5, 
10 and 15 wt-% solution of NIPAAm15 polymer. This could be seen from the SPR angle 
scans as described in Figure 4.25. It was observed that the number of waveguide modes 
in hydrogel layer, increases with increase in the polymer wt-%. Hydrogel layers obtained 
from 5, 10 and 15 wt-% polymer solution show 0, 1 and 2 waveguide modes respectively. 
For a detailed interpretation of the results, the SPR data was fit to Fresnel calculations. 
The polymer solution of 5 wt-% produced a hydrogel layer with dry film thickness of 188 
nm. The 10 and 15 wt-% polymer solution formed a hydrogel layer with dry film 
thickness of 506 nm and 996 nm respectively. Thicker films (with dry thickness > 500 
nm) could not be represented as a single uniform layer with one refractive index.  
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Figure 4.25 SPR angle scan of collapsed photo-crosslinked NIPAAm15 hydrogel layers  
                    with varying wt-% polymer solution in PBS buffer. 
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Therefore, thicker films were fit to a model consisting of two-layer system: thinner layer 
near the gel substrate interface (Layer 1) and a thicker layer that represents the rest of 
film (Layer 2). Physisorbed thermosensitive thick hydrogel films have been recently 
investigated by SPR by Harmon et al. [91]. Their results also indicate that the SPR 
angular scans for thick film could be resolved only by assuming a two-layer system. It 
was also reported that the substrate gel interface (Layer 1) shows a higher Tc compared to 
the bulk polymer layer (Layer 2). Such physisorbed hydrogels could slightly detach from 
the surface and interface layer (Layer 1) might contain more solvent. This might explain 
the higher Tc for the Layer 1. In the present study, where the hydrogel layers are 
covalently attached to the substrate, a similar phenomenon was observed and there exists 
a small difference between the Tc of the Layers 1 and Layer 2. The Layer 1 shows a 
similar η (collapsed) but higher η (swollen) in comparison to Layer 2 (Figure 4.26). This 
indicates a lower Tc of Layer 1 and higher Tc of Layer 2 for the thick film obtained from 
10 and 15 wt-% of surface attached photo-crosslinked hydrogel film.  
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Figure 4.26  Refractive index of the photo-cross-linked NIPAAm15 hydrogel layer with  
                     dry thickness 506 nm shown as a function of temperature in PBS buffer. The 
                     analysis of the reflectivity vs angle scans modelled the film as consisting of  
                     two layers. Layer 1 is a thin layer near the gel-substrate interface and layer 2 
                     is the remaining gel film. 
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This slight difference from earlier reported two-layer system could be explained on the 
basis that Tc of the bulk gels increases with elongation and decreases with compression.  
Hydrogel layers were crosslinked in the dry state. Swelling in PBS buffer causes 
compression as hydrogel layer swells perpendicular to the substrate. In the case of 
physisorbed films the compression is more in the hydrogel films at the areas away from 
the substrate and the corresponding Tc of the layer away from substrate (Layer 2) is lower 
than the layer near the interface (Layer 1) [8, 91]. Chemisorbed NIPAAm15 hydrogel 
layer in the presence of DMITAc adhesion promoter causes increase in compression near 
the gel substrate interface this decreases the Tc of Layer 1. It has also been reported that 
physisorbed films attached to the substrates have very thin film of air, which separates 
the hydrogel layer and water [259]. Presence of such air film with low refractive index 
(ηair = 1) compared to refractive index of swollen hydrogel (ηhydrogel ~ 1.35 to 1.45) might 
alter the Fresnel calculation resulting in further decrease in the overall refractive index of 
the interface layer (Layer 1). Therefore for physisorbed films, this might have given a 
higher swelling and higher Tc for Layer 1 as refractive index is inversely proportional to 
the volume degree of swelling. In contrast, covalently attached films won’t have such air 
film at interface due to the chemical linkage between the hydrogel layer and substrates 
through sulphur-gold bond.  
Therefore, it can be concluded that the additional attachment for chemisorbed hydrogel 
layers causes hindrance in swelling for its Layer 1. This gives a lower Tc for Layer 1 as 
compared to Layer 2 for thick NIPAAm15 hydrogel layer. To further investigate the 
behavior of surface attached layers, refractive index was plotted as a function of 
temperature for NIPAAm15 hydrogel with different thickness in the form two layers 
(Figure 4.27). For Layer 1, η (swollen) and η (collapsed) were independent of the film 
thickness (Figure 4.27(a)). This shows an identical nature for all films at the gel substrate 
interface. For Layer 2, a similar phenomenon was observed. η (swollen) and η (collapsed) 
for the Layer 2 were independent of the film thickness (Figure 4.27(b)). Comparison of 
dry state of all films and its collapsed state shows that thick films collapse fully at higher 
temperatures. A notable feature observed from this study is that the thick films consist of 
two layers. A slight variation in the properties (refractive index and transition 
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temperature) of these two layers is expected due to the covalent attachment of hydrogel to 
the substrate.    
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Figure 4.27   Refractive index of the photo-crosslinked NIPAAm15 hydrogel layer  
                      shown as a function of temperature in PBS buffer for different film  
                      thickness (■: 188 nm, ●: 506  nm, ▲: 996 nm). (a) Layer 1 and (b) Layer 2.
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Summary - A combination of SPR and OWS was successfully used to determine the 
following properties of NIPAAm photo-crosslinked hydrogel layer with varying mol-% 
of DMAAm- 
• Refractive index (η) 
• Transition temperature (Tc) 
• Swelling ratio (d/do) 
• Volume degree of swelling (1/φp)  
The above-mentioned properties were found to be dependent on the mol-% of DMAAm 
in the NIPAAm terpolymers. Increase in the mol-% of DMAAm, increased 1/φp, d/do and 
Tc. This was attributed due to the hydrophilic nature of DMAAm. The Tc values 
estimated from the SPR instrument were in agreement with the DSC data. A slight higher 
Tc values were obtained from SPR measurements. SPR provided vital information on the 
temperature dependent swelling behavior of thin NIPAAm layers, which is not accessible 
by any other technique. Swollen and collapsed hydrogel layer thickness was also 
dependent on the mol-% of DMAAm. To study the effect of film thickness on Tc and 
1/φp, hydrogels with wide range of film thickness were prepared and investigated. Thick 
films could not be investigated by using a single layer model, therefore a double layer 
model was used for such thick films. Layer 1 and Layer 2 components of the thick film 
exhibited similar properties in the collapsed state. However, Layer 1 showed higher 
refractive index in swollen state as compared to Layer 2. These results provide vital 
information on the swelling behavior of surface attached hydrogel layer and shows the 
versatility of SPR instrument for studying thin hydrogel layers.  
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4.8.8  Thin photo-crosslinked hydrogel layer of NIPAAm/Cyclam   
This section focuses on the investigation of swelling behavior of an ion selective photo-
crosslinked NIPAAm hydrogel layer by SPR. The synthesis and the properties of such 
polymer are described in the Section 3.5.11 and 4.5.6 respectively. Cyclam monomer as 
an ion selective moiety was incorporated in the NIPAAm along with acrylamide photo-
crosslinker. The temperature dependent swelling of such polymer was performed in PBS 
buffer and Cu(NO3)2 solution and the polymer is represented as NIPAAm/Cyclam. The 
refractive index of the swollen hydrogel layer shows a value of 1.364 and 1.384 in PBS 
buffer and Cu 2+ ions respectively. The refractive index values increases drastically near 
the transition temperature (Figure 4.28).  
A better interpretation of the results was obtained by converting the refractive index (η) 
to volume degree of swelling (1/φp). It is evident from the Figure 4.29 that the volume 
degree of swelling of the NIPAAm/Cyclam hydrogel layer in PBS is much higher than in 
Cu(NO3)2. Similar behavior was observed, when such hydrogels were prepared as bulk 
gels using BIS (N,N’-methylenebisacrylamide) as crosslinker. The investigation of the ion 
selective behavior of the bulk gels has been already described in the previous studies 
[49]. NIPAAm/Cyclam bulk hydrogel produces a drastic change in the swelling behavior 
only in the presence of Cu2+ ions. Figure 4.29 presents a similar behavior in such 
hydrogel in the form of thin film, where instead of BIS, acrylamide photo-crosslinker has 
been used for crosslinking. The volume degree of swelling (1/φp) for NIPAAm/Cyclam 
thin hydrogel layer was estimated to be 5.6 in PBS and 3.4 in Cu2+ ions. The results are in 
good agreement with the values measured for the bulk gels. The higher swelling in PBS 
buffer can be explained by the protonation of the cyclam ring [272, 273]. As the 
measurements were performed in PBS buffer (~ pH 7) and it is known that the nitrogen 
atoms in the cyclam are highly basic, therefore cyclam gets protonated under these 
conditions. Taking the protonation constants of cyclam into account (Table 4.10), the 
degree of protonation was approximately estimated to be 2. Therefore, the protonated 
cyclam moiety increases the hydrophilicity and the volume degree of swelling of the thin 
hydrogel layer. It was expected that the addition of Cu2+ ions should produce changes in 
the swelling behavior of thin layer. Cyclam has a very high binding ability especially 
with Cu2+ ions even under highly unfavorable conditions [249]. 
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Figure 4.28 Refractive index (η) of the photo-crosslinked ion selective NIPAAm  
                    hydrogel layer (represented as NIPAAm/Cyclam) as a function of  
                    temperature. 
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Figure 4.29 Volume degree of swelling (1/φp) of the photo-crosslinked ion selective  
                    NIPAAm hydrogel layer (represented as NIPAAm/Cyclam) as a function of   
                    temperature. 
 
 
Results and discussions 
 
114
According to the literature, the binding of metal ions to a ligand should increase the 
hydrophilicity of the complex [253, 254] resulting in the increased swelling behavior of a 
stimuli sensitive hydrogel. However, Figure 4.29 shows a drastic decrease in the volume 
degree of swelling in presence of Cu2+ ions. 
 
Cyclam (L) protonation steps log KBH+ 
L + H+  LH+ 11.29 
LH+ + H+  LH22+ 10.19 
LH22+ + H+  LH33+ 1.61 
LH33+ + H+  LH44+ 1.91 
Table 4.10 Different protonation steps in cyclam [272]. 
 
It is assumed that the cyclam monomer, which was protonated in the absence of Cu2+, 
undergoes deprotonation when the cyclam-Cu2+ complex is formed. This can be 
expressed by the Equation 4.2: 
 
[LHn]n+ + Cu2+  [LCu]2+ + n H+  Equation 4.2 
 
Deprotonation removes the charges from cyclam, which was causing an increase in the 
volume degree of swelling. The effect produced by ligand-metal ion complex formation 
is less pronounced than the effect produced when cyclam is protonated. Only for Cu2+, 
the KC is large enough to allow a complex formation under the present experimental 
conditions. Therefore, as soon as Cu2+ binds to the cyclam moiety in the photo-
crosslinkable polymer, the hydrophilicity and volume degree of swelling of the system 
decreases.   
 
Summary of photo-crosslinkable ion selective NIPAAm copolymer – Cyclam monomer 
was successfully synthesized as an ion selective monomer. It was copolymerized with 
NIPAAm and acrylamide photo-crosslinker. A drastic change of the volume degree of 
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swelling was observed when Cu2+ was added to the NIPAAm/Cyclam thin hydrogel 
layer. Apart from temperature and pH, a photo-crosslinked hydrogel has been 
synthesized, which shows a response in presence and absence of a particular metal ion.  
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4.9  Multilayer hydrogel assembly  
4.9.1  Introduction  
Multilayers of polymer films are of interest due to their diverse applications [260, 261]. Lynn 
et al. has reported multilayer polyelectrolyte assemblies that sustain the release of functional 
plasmid DNA from the surfaces under physiological conditions [30]. The release occurs due 
to the erosion of complex assembly upon incubation in phosphate buffered saline at 37°C. 
Heterogeneous mixed polymer brushes (HPB) also have the ability to respond in a 
controllable fashion to specific environmental stimuli. Recently, HPB of poly(styrene) and 
poly(2-vinylpyridine) have been reported. Using such technique, surface property can be 
changed in presence of specific solvents [184, 185]. Switching mechanism of these brushes 
involves use of organic solvents, which are not suitable for bio-applications. Alternate coating 
of oppositely charged films produce polyelectrolyte multilayers [29-32]. In such cases, the 
properties like control over film thickness, surface attachment and patternability are rarely 
observed. There are no reports in the literature that describe the synthesis of multilayer of 
photo-crosslinked hydrogel and its characterization by SPR. Such multilayers with patternable 
properties can provide a surface with distinct behavior at different regions of the surface in 
presence of a stimulus. 
 
Swelling T >Tc
Au Layer
Substrate
Layer B
Layer A
Patterning
Swelling T >Tc
I                                          II                   III
IV                                           V                  VI  
Figure 4.30 Schematic representation of a photo-crosslinked multilayer assembly with  
                    Layer A as a hydrophilic layer and Layer B as a stimuli sensitive layer. 
 
Results and discussions 
 
117
This part describes one of the main objectives of this study i.e. synthesis of multilayer thin 
films from stimuli sensitive and hydrophilic polymer attached to the surface (Figure 4.30). 
Section 4.8 illustrates a detailed description of synthesis, characterization and swelling studies 
of photo-crosslinked single layer polymer thin films based of NIPAAm, DMAAm and HEMA 
on Au substrate. In order to study the multilayer assembly, NIPAAm15 was chosen as a 
stimuli sensitive component and DMAAm5 as a hydrophilic component. Film thickness of 
both the layers could be controlled either by polymer solution concentration or spin speed in 
coating. Synthesized polymers have predefined properties like molecular weight and photo-
crosslinker mol-%, which result in the uniform crosslinking of the thin film. Previous studies 
on thin films by SPR indicates that a very thin thermoresponsive film with dry thickness less 
than 25 nm does not collapse fully at T > Tc [8]. Additionally, it was difficult to monitor the 
transition temperature of such extremely thin film by SPR. This problem can be solved by the 
formation of a multilayer assembly. The use of DMAAm5 as a base layer and subsequent spin 
coating of a thin thermoresponsive polymer could result in the formation of sufficiently thick 
film that could be monitored by SPR and OWS. Apart from the scientific interest in the 
behavior of multilayer assembly, these can be utilized for cell attachment processes. 
 
4.9.2  Formation of multilayer assembly 
DMAAm5 polymer solution (5 wt-%) was spin coated on a SPR substrate (LaSFN9 glass, 45 
nm gold and adhesion promoter). After vacuum drying at room temperature for 1 h, the thin 
film was photo-crosslinked by UV irradiation (>310 nm) for 1h. This provided a crosslinked 
insoluble network of DMAAm, which was used as a solid substrate for coating the second 
layer. NIPAAm15 polymer solution (5 wt-% in cyclohexanone) was spin coated on top of the 
DMAAm5 thin film and photo-crosslinked by UV irradiation (>310 nm) for 1 h. Crosslinking 
was achieved by [2+2] cyclodimerization of the dimethylmaleimide moiety present in the 
polymer chains. The principle and the necessary details for photo-crosslinking process are 
described in Section 4.6. 
 
4.9.3  Swelling measurements 
The swelling behavior of photo-crosslinkable multilayer involving a stimuli sensitive layer 
and a hydrophilic layer was measured by the combination of SPR and OWS in PBS buffer. A 
new model was developed for investigation of multilayer thin films. This new model was used 
to investigate the properties like film thickness, refractive index and volume degree of 
swelling for both the Layers. Layer A is DMAAm5 and Layer B is NIPAAm15. The SPR 
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angle scan of this multilayer assembly in dry state has been described in Figure 4.31. Layer A 
in absence of Layer B shows one waveguide mode at 35.8°. Spin coating and the subsequent 
crosslinking of Layer B on Layer A shows two waveguide modes at 27.0° and 51.1°.  The 
presence of a clear total internal reflection (around 22.3°) and narrow waveguide modes 
indicate the formation of a homogeneous film.  
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Figure 4.31 SPR angle scans of the photo-crosslinked multilayer assembly in dry state. Layer  
                    A is DMAAm5 and Layer B is NIPAAm15 
 
The reflected intensity vs angle scans of multilayer assembly in PBS buffer at various 
temperatures were fit to Fresnel calculations. It was observed that such films could not be 
represented by a single layer model, as either the waveguide mode or the plasmon minima of 
the fit were not matching with the experimental values. Therefore, the film was modeled as a 
double layer system with two chemically different swollen networks. This model is described 
in details in Section 4.7.3 and the results from Fresnel calculations were in agreement with 
the experimental values of waveguide modes and plasmon minima. The exact thickness of the 
dry film could also be determined due to the appearance of waveguides modes. The estimated 
value of Layer A thickness = 372 nm and Layer A+B thickness = 602 nm. 
The refractive index of multilayer hydrogels obtained from SPR was converted to polymer 
fraction (φp) and volume degree of swelling (1/φp). Figure 4.32 and Figure 4.33 respectively 
describes the changes in refractive index (η) and swelling behavior of the multilayer hydrogel 
assembly in response to the temperature changes. 
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Figure 4.32 Refractive index of the photo-crosslinked multilayer assembly as a function of  
                    temperature in PBS buffer. (■) Layer A is DMAAm5 and (●) Layer B is  
                    NIPAAm15. 
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Figure 4.33 Volume degree of swelling of the photo-crosslinked multilayer as a function of  
                    temperature in PBS buffer. (■) Layer A is DMAAm5 and (●) Layer B is  
                    NIPAAm15. 
 
Layer B in swollen state shows a η (swollen) of 1.368 with a volume degree of swelling (1/φp) 
of 5.1 and its collapsed state shows η (collapsed) of 1.428 with 1/φp of 1.9. The transition 
temperature (Tc) was estimated to be 34.7 °C. Layer B when directly attached to gold surface 
in absence of Layer A shows a 1/φp of 5.4 and its collapsed sate shows 1/φp of 1.6. The 
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transition temperature was estimated to be 34.1 °C. On the basis of these observations, it is 
clear that the NIPAAm15, which forms the top layer in the multilayer hydrogel assembly, 
retains its temperature sensitive behavior. It exhibits a Tc and 1/φp similar to that of 
NIPAAm15 single layer. A small difference in the swelling behavior of NIPAAm15 in the 
multilayer hydrogel assembly and in the single layer is quite reasonable. This can be 
explained on the basis that the morphology of the film and its thickness are affected by the 
surface energy of the substrate due to the segregation or depletion of different components at 
the interface [262] or dewetting of the film below a certain thickness [263]. Therefore, the 
interfacial energy between the gold-polymer in the single layer and polymer-polymer in the 
multilayer assembly might give a small difference in the swelling behavior of the two 
systems. These differences are small and can be ignored.  
DMAAm5 as Layer A of the multilayer assembly shows an almost constant η (swollen) 
between 1.409 and 1.401, with 1/φp = 2.4 to 2.7 in response to temperature changes. This 
indicates a temperature independent swelling for the hydrophilic base layer. It has been 
previously shown that single layer of DMAAm photo-crosslinked hydrogel only swell in PBS 
buffer with no temperature responsive behavior. For instance, DMAAm5 as a single layer on 
gold shows η (swollen) of 1.411 and 1/φp = 2.3. These results confirm that the DMAAm5 and 
NIPAAm15 in multilayer assembly retain their swelling behavior, which they showed as a 
separate single layer.  Such a multilayer assembly can be patterned to develop surfaces with 
different behavior at different regions. Morphology and uniformity multilayer assembly are 
described in Section 4.12. 
 
Summary - Multilayer assemblies of thermoresponsive and hydrophilic polymers were 
developed. Polymers were crosslinked to produce homogeneous films. Swelling behavior of 
the multilayer hydrogel was studied by combination of SPR and OWS. A new model was 
developed for interpretation of the results from the above technique. Results from the 
multilayer hydrogel assembly shows that its two chemically different hydrogel layers retained 
their swelling properties in response to temperature changes. The combination of two layers 
with DMAAm5 as base layer and NIPAAm15 as top layer formulate a multilayer assembly 
where, the base layer only swells in response to temperature and the top layer shows 
temperature dependent swelling.    
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4.10  Nanogels  
4.10.1  Introduction  
Nanogels of stimuli sensitive polymers have been extensively studied [38, 159, 160, 161]. In 
this section, attempts are made to compare the swelling behavior of photo-crosslinkable 
polymer (NIPAAm15) in the form of thin films and nanogels.  Nanogels swells in 3-D space 
like bulk gels, and their response time is faster due to the small dimensions.  
Similar to bulk gels and thin films, in stimuli sensitive nanogels, swellability and transition 
temperature are affected by the crosslink density and hydrophobic-hydrophilic balance in 
polymer chains [233, 234]. Nanogels requires surfactant like SDS for their colloidal stability, 
which affects its transition temperature. Binding of surfactant to PNIPAAm nanogels results 
in a larger swelling and tends to increase the transition temperature of the particles. The 
increase in surfactant concentration increases the surface charge density on nanogels, 
resulting in enhanced swelling due to electrostatic and osmotic effects. It has been proposed 
that SDS binds to the hydrophobic propyl group of the PNIPAAm nanogels. 
The conventional methods used for synthesis of nanogels results disadvantages like 
inhomogeneous crosslinking densities and are not compatible for preparing complex 
morphologies. To overcome such limitation, photo-crosslinking reactions can be used to 
prepare nanogels [162]. This process gives predefined polymers with known composition, 
molecular weight and thermal properties. The preparation of colloidal nanogels using photo-
crosslinking methods should minimize the difference of crosslinking densities between the 
core and exterior of nanogel particles [160, 161]. The objective of this part of study is to 
synthesize nanogels of photo-crosslinkable polymer (NIPAAm15) and to compare the 
swelling properties of nanogels with thin films. In order to achieve this objective, the swelling 
behavior was investigated by DLS. The morphology of nanogel particles in the dry state was 
observed by SEM. 
 
4.10.2  Formation of nanogels 
NIPAAm15 terpolymer  (5 g/L) was dissolved in SDS solution (0.085 mmol/L in distilled 
water). The mixture was stirred overnight at room temperature and was then filtered to 
remove the undissolved particles. The polymer solution was stirred in a double wall glass 
reactor above the transition temperature for 15 min. The solution turned turbid within a few 
minutes, indicating a phase transition. The solution was UV irradiated (>250 nm) for 1 h at 
45°C. An increase in the turbidity was observed due to the formation of nanogels and the 
resulting solution was characterized by SEM and DLS.  
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4.10.3  Morphology of nanogel particles 
Thermoresponsive nanogels are important due their fast reversible swelling and deswelling in 
dilute aqueous solutions with or without the presence of SDS. Generally, it is known that the 
phase transition temperature of nanogels are independent of molecular weight, polydispersity 
index and polymer concentration. In order to obtain the polymer solution with phase transition 
between 32-36°C, the amount of SDS in NIPAAm15 polymer solution was kept below the 
critical micelle concentration (CMCSDS = 8.2 mmol/L). The presence of DMAAm in 
NIPAAm15 also increases hydrophilicity and Tc of the system. It has been earlier shown that 
at too high SDS concentration, the phase transition is suppressed due to the repulsive 
electrostatic interactions between the ionic heads of the adsorbed surfactant molecules 
preventing the polymer chains from aggregating [235]. Nanogels synthesized in this study are 
believed to have homogenous crosslinking densities, since these polymers have statistically 
distributed photo-crosslinker. Nanogels discussed here fall in the diameter range of 30-500 
nm. 
Dynamic light scattering (DLS) was used to examine the effect of temperature on the average 
hydrodynamic diameter of nanogel particles. Figure 4.34 shows the apparent hydrodynamic 
diameter of nanogel of NIPAAm15 terpolymer as a function of temperature.  
 
10 15 20 25 30 35 40 45 50
100
150
200
250
300
350
400
450
A
pp
ar
en
t h
yd
ro
dy
na
m
ic
 d
ia
m
et
er
 [n
m
]
Temperature [°C]
 
Figure 4.34 Apparent hydrodynamic diameter of NIPAAm15 nanogels as a function of  
                    temperature. 
 
The temperature was varied from 10 °C to 45 °C. A Large change in the degree of swelling 
and dimension of nanogels is observed near the transition temperature (Tc). Notable feature 
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obtained from the DLS measurements shows that the diameter of nanogel is around 400 nm in 
the swollen state and around 100 nm in the deswollen state. The transition temperature (Tc) 
estimated from the sigmoidal fit of deswelling behavior of NIPAAm15 nanogel (as shown in 
Figure 4.34) is 32.4 °C. Thin film of this polymer (NIPAAm15) when investigated by SPR 
shows a Tc of 34.1°C. On the basis of these observations, it can be concluded that the similar 
value of Tc is observed for nanogel and thin film for NIPAAm15 terpolymer. Slight 
discrepancies between the results are due to the fact that the swelling behavior of thin film is 
constraint only in one direction and nanogels have no such constraints. 
 
 
 
Figure 4.35 SEM image of dry NIPAAm15 nanogel with broad diameter distribution. 
 
Scanning electron microscopy (SEM) was used to study the morphology of the nanogel 
particles in the dry state. SEM image of NIPAAm15 nanogels is presented in the Figure 4.35. 
The nanogel particles are nearly spherical with a broader particle size distribution. Moreover, 
coagulation of nanogels is observed, which might be due to the surface tension effects caused 
by the drying process. The average size distribution of nanogel particles from SEM 
measurement in the dry state are higher than that obtained from DLS measurement in the 
collapsed state. The discrepancies between the results can be explained as follows. Firstly, the 
particles may flatten on the glass surface during sample preparation for SEM as suggested by 
Lyon et al. and others [160, 161, 236]. It is thus expected that such flattened particles in SEM 
images show larger dimensions as compared to the particles in DLS measurements where the 
nanogels are in solutions and are not flattened. Secondly, the fraction of the smaller particles, 
which significantly contributes to the average diameter are not accounted in the SEM images. 
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These above mentioned factors might explain the differences in the dimension of the nanogel 
particles.   
As discussed above, the nanogels were synthesized by [2+2] cyclodimerization reaction of 
dimethylmaleimide moiety in the absence of thioxanthone. On the other hand to achieve 
crosslinking in the thin films, thioxanthone was added as a photo-sensitizer. To study the 
effect of thioxanthone on the photo-crosslinking process, NIPAAm15 thin film was irradiated 
with UV light (>250 nm) in absence of thioxanthone for 1 h. The deswelling behavior of this 
film was investigated by SPR in PBS buffer. SPR curves showed a broader minima and 
absence of total internal reflection. In addition, no sharp transition temperature was observed 
in the deswelling curve. This indicates that a partial or no crosslinking occurred in the photo-
crosslinkable NIPAAm15 polymer in absence of thioxanthone.  
 
Summary – Nanogels of photo-crosslinkable polymers were successfully synthesized and 
characterized. The deswelling behavior of nanogels was investigated by DLS. The transition 
temperature (Tc) of nanogels and thin films were compared. The results show a similar 
behavior. SEM images of nanogels in the dry state show spherical nanogel particles with a 
broad diameter distribution. Nanogels particles were synthesized in absence of thioxanthone. 
However, thioxanthone was essential to achieve photo-crosslinking in the thin films.   
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4.11  Cell attachment on hydrogel layer  
Hydrogel have been recently utilized for an important application like controlled cell 
attachment [222, 223, 225-227]. This is due to the fact that volume phase transition of 
hydrogels can be tuned within the settings of the physiological conditions [33]. The 
mechanical properties of hydrogels provide an ideal environment for cell culture. The 
softness of the hydrogel allows cellular matrix reorganization and it also exhibits enough 
mechanical strength, which is needed for cell anchorage to the substrate. Below the phase 
transition temperature, the surface of such material is hydrophilic, swollen and 
nonfouling. As the temperature increases above LCST, polymer chains collapse and 
surface becomes hydrophobic and protein retentive. Such hydrophobic surfaces promote 
cell adhesion and proliferation at temperature around 37°C [23]. 
Recently, several investigations related to cell proliferation on stimuli sensitive polymers 
are reported in the literature [17, 22, 23]. Okano et al. introduced NIPAAm based 
hydrogels as a support for cell cultivation and later presented that the incorporation of 2-
carboxyisopropylacrylamide further accelerate the process of cell detachment [228-229]. 
Ratner et al. have also reported such studies by using plasma polymerized NIPAAm 
hydrogel films [23]. Schmaljohann et al. have suggested that hydrogel based on 
homopolymer of NIPAAm completely deswell above Tc and therefore loose their gel 
properties [230]. This implies that a polymer system is needed which retains its gel 
properties above Tc and has appropriate swelling ratio for cells to proliferate.  
Therefore, in the present study, it is aimed to identify a copolymer of NIPAAm with ideal 
Tc and volume degree of swelling for cell culture. Synthesis and properties of such 
NIPAAm photo-crosslinkable polymers have been described in the previous sections. 
The inhomogeneous crosslinking due the plasma polymerization observed in earlier 
studies have been avoided by using photo-crosslinkable copolymers. Randomly 
distributed photo-crosslinker gives a homogeneous crosslinking in the synthesized 
hydrogels of HEMA, DMAAm and NIPAAm. It has also been summarized in the 
Section 4.12 that photo-crosslinked hydrogel layer form patternable structures, which can 
result in cell attachment-detachment on selective areas of hydrogel layers. It has been 
reported that introduction of poly(ethylene glycol) (PEG) in NIPAAm chains further 
increases the hydrophilicity and results in fast cell detachment [230]. In the present study, 
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N,N-Dimethylacrylamide (DMAAm) has been used as a hydrophilic comonomer. Series 
of terpolymers of NIPAAm with varying mol-% of DMAAm have been synthesized and 
properties like Tc and volume degree of swelling are investigated in details. Thin photo-
crosslinked hydrogel layers for cell culture were prepared as follows- 
Glass slides were treated with Piranha solution at 90°C for 30 min, thoroughly washed 
with distilled water and dried under argon atmosphere. Polymer solution (5 wt-%) in 
cyclohexanone with thioxanthone (2 wt-% w.r.t. polymer) was spin coated on the cleaned 
glass slides at 3000 rpm for 180 sec. After drying for 1 h, the polymer film was UV-
irradiated for 1h. Uncrosslinked polymer was removed by washing with butanone, water 
and dried. Fibroblasts were used for cell culture experiments.∗ 
To study the cell culture experiments, photo-crosslinkable polymers mentioned in Table 
4.11 were used. These polymers were crosslinked in the presence of thioxanthone, which 
acts as a photo-sensitizer and eventually helps in [2+2] cyclodimerization of 
dimethylmaleimide moiety present in the polymer chains. It was observed that the 
presence of thioxanthone hinders the cell growth on polymer surface. Therefore, attempts 
were made to remove it by extracting 4-5 times with butanone.  
 
Polymer NIPAAm5 NIPAAm15 NIPAAm20 NIPAAm40 
Tc (°C) [by SPR] 31.7 34.1 38.3 46.5 
1/φp 4.0 5.4 5.1 8.2 
 
Table 4.11 Properties of the polymers used for cell attachment processes. 
 
The desirable properties for cell attachment-detachment is that the polymer should have 
an high swelling ratio and appropriate Tc. NIPAAm20 and NIPAAm40 have the required 
high swelling ratio but their Tc is too high for cell to adhere. NIPAAm5 has low Tc and 
low swelling ratio. Cell culture on NIPAAm15 reveals that it is can ideal polymer for cell 
attachment processes and this is shown in Figure 4.36(a). Notable feature observed in 
Figure 4.36(b) is that the cells adhere well, spread and proliferate on the surface of 
                                                 
∗ Cell adhesion on polymer surface was done by Dr. Tilo Pompe (IPF, Dresden) 
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NIPAAm15. Only few cells are able to adhere on NIPAAm15, where the polymer film 
was not extracted with butanone to remove thioxanthone.  
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Figure 4.36(a) Volume degree of swelling of NIPAAm15 hydrogel layer as function for 
temperature in PBS buffer. 
 
 
 
 
 
Figure 4.36(b) Cell attachment on collapsed NIPAAm15 hydrogel layer. 
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On the basis of these observations, it is confirmed that the photo-crosslinked NIPAAm15 
hydrogel layer exhibits cell attachment when thioxanthone was removed by extraction. 
Apart from this trend, it was observed that even in the collapsed state the hydrogel layer 
has a volume degree of swelling of 1.5. This implies that the hydrogel layer retains its gel 
properties, which may enables nutrients to permeate through it. The presence of partially 
collapsed state is due the DMAAm in the NIPAAm15 polymer, which retains water even 
at the temperature above Tc. This is a major advantage compared to the hydrogel 
consisting only of NIPAAm, where the hydrogel acts more like a hydrophobic substrate 
above Tc. This implies that addition of DMAAm to the NIPAAm polymer allows to fine 
tune its surface properties. 
 
Summary – Cell adhesion on surfaces are important in biomedical sciences and this study 
has provided preliminary results related to the cell adhesion on photo-crosslinkable 
thermoresponsive polymers. The properties of the latter were tuned to obtain polymers 
with wide range of Tc and volume degree of swelling. DMAAm in NIPAAm polymers 
show an increase in the hydrophilicity of the system allowing cell attachment, spreading 
and proliferation around 34-37°C.  
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4.12  Patterning  
 
The possibility to pattern photo-crosslinkable polymers of NIPAAm, DMAAm and HEMA 
makes them useful for application in mico-system technology [148, 149]. The starting point of 
patterning studies requires the preparation of blanket of polymer film. The main feature of 
photo-crosslinkable polymers is their suitability for spin coating, which can be used to obtain 
film with variable thickness. The film thickness could also be controlled by concentration of 
the polymer solution and irradiation time. This section describes the patterning properties of 
all synthesized photo-crosslinkable polymers in the form of multilayer assembly. 
To investigate the patterning of photo-crosslinkable polymers, three categories of polymer 
were used: (i) NIPAAm15 (ii) DMAAm5 (iii) HEMA2. Patterned thin layers were obtained 
by irradiating a polymer film with UV light (>310 nm) through a common chromium mask on 
both Au and Si wafers. Photo-crosslinking was achieved through [2+2] cyclodimerization 
reaction of dimethyl maleimide moiety present in the polymer chains. The photo-patterning 
turned out as a negative photolithographic process. Hydrogel was formed at the UV exposed 
areas, leaving uncrosslinked polymer at unexposed areas. It was observed that the crosslink 
density significantly affects the resolution properties of the patterned surfaces. This implies 
that a loosely crosslinked network obtained by irradiating the film for 1-5 min contains a low 
crosslink density and therefore results in highly swollen hydrogel. As a result of this behavior 
the hydrogel film were prone to detach from the substrate producing patterns with some 
defects. It was observed that NIPAAm hydrogel films completely detaches from the Si wafer 
in absence of an adhesion promoter.  
 
HEMA2 hydrogel
layer
NIPAAm15 hydrogel
layer
 
 
Figure 4.37 Patterned multilayer hydrogel assembly on Si wafer. 
 
Results and discussions 
 
130
Earlier studies [7] have shown that the presence of HMDS (hexamethyldisilazane) and 
DMIDMSiCl results in better adhesion of thin hydrogel films on Si wafer. This is due to the 
fact that HMDS and DMIDMSiCl acts as adhesion promoter and also improves the initial 
wetting behavior of the polymer solutions. In this study, fine patterns of HEMA photo-
crosslinkable polymer were developed on Si wafer even in absence of an adhesion promoter. 
However, adhesion promoter (DMITAc) was required for patterning of photo-crosslinkable 
polymers of NIPAAm, DMAAm and HEMA on Au substrate. As the SPR measurements 
were performed on the hydrogel film with Au as substrate, therefore patterning behavior was 
also investigated on Au surface. 
In order to obtain patterned hydrogel film on Si wafers, first HEMA2 polymer was spin 
coated and crosslinked. This was followed by spin coating NIPAAm15 polymer and photo-
crosslinking it through a mask. Irradiation time of 1 h resulted in formation of patterns with 
high resolution (Figure 4.37). Swelling behavior of multilayer assembly has been thoroughly 
investigated by a combination of SPR and OWS (described earlier in Section 4.9). This 
section focuses on the patterning properties of such multilayer hydrogel assembly. Emphasis 
has been laid on the determination of film roughness, morphology and step height of pattern 
by AFM. 
Tapping mode AFM was used to characterize the surface topography of the patterned 
multilayer film on Au and Si substrates. Patterns on multilayer assembly involving HEMA2 
hydrogel as a base layer and NIPAAm15 hydrogel as a top layer on Si wafer are shown in 
Figure 4.38. The brighter areas in the Figure 4.38(a) (higher in topography) corresponds to 
NIPAAm15 hydrogel layer and darker areas (lower in topography) correspond to HEMA2 
hydrogel layer. It has been reported in the literature that the thin hydrogel layers have 
inhomogeneous surfaces with domains ranging in size from 100 nm to 1 µm, varying as a 
function of degree of swelling as well as crosslinking density [188, 189, 266].  
In the present study, features observed from the AFM measurements for photo-crosslinked 
multilayer assembly were (i) root-mean square roughness (ii) height difference between the 
base layer and the top layer. The root-mean-square roughness of NIPAAm15 hydrogel top 
layer and HEMA2 hydrogel base layer in dry state were estimated to be 7.8 nm and 1.2 nm 
respectively (Figure 4.38 (b) and (c)). This implies formation of an uniform and a continuous 
patterns on the multilayer hydrogel assembly. The height difference between the two-
hydrogel layers was calculated to be 104 nm in the dry state and this corresponds to the film 
thickness of the NIPAAm15 hydrogel layer. 
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a 
     b       c 
 
Figure 4.38 AFM images of patterned multilayer assembly on Si wafer in dry state (a)  
                    topography image, (b) NIPAAm15 hydrogel as a top layer, (c) HEMA2    
                    hydrogel as a base layer. 
 
AFM investigations were also carried out on a multilayer assembly involving DMAAm5 
hydrogel as a base layer and NIPAAm15 hydrogel as a top layer on Au surface (Figure 4.39). 
Unlike on Si wafers, hydrogel layers on the Au surface were covalently attached to the 
substrate through an adhesion promoter. The brighter areas in Figure 4.39(a) (higher in 
topography) corresponds to the NIPAAm15 hydrogel and darker areas (lower in topography) 
corresponds to DMAAm5 hydrogel. The height difference between the two layers was 
estimated to be 23 nm. Further, the root-mean-square roughness of NIPAAm15 hydrogel 
layer and DMAAm5 hydrogel layer in dry state were estimated to be 1.2 nm and 1.7 nm 
respectively (Figure 4.39 (b) and (c)). 
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a 
 
b c 
Figure 4.39 AFM images of patterned multilayer assembly on Au substrate in dry state (a)  
                    topography image, (b) NIPAAm15 hydrogel as a top layer, (c) DMAAm5 hydrogel    
                    as a base layer. 
 
NIPAAm15 film thickness obtained from AFM images was less than the thickness measured 
from SPR. Similar results are reported in the literature where the thickness of the PNIPAAm 
brushes shows lower values from AFM when compared with ellipsometric measurements. 
Authors have attributed the difference to compression of the hydrogel layer by the AFM tip 
[149, 267]. Another possible contribution to the discrepancy between the results from SPR 
and AFM data may be related to problems associated with quantitative AFM analysis [268-
271]. However, the AFM studies clearly indicate the presence of two-hydrogel layers. On the 
basis of these observations, it has been explained that a multilayer hydrogel assembly can be 
formulated using the above-mentioned method. Different photo-crosslinked hydrogel in a 
multilayer assembly have shown high-resolution patterns and uniform film formation. 
 
Summary: Synthesized photo-crosslinkable polymer films of NIPAAm, DMAAm and HEMA 
shows a high-resolution patterns when irradiated by UV light through a chromium mask for 1 
h. The irradiation time of 1-5 min results in pattern formation with some defects due to the 
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incomplete reaction of two dimethyl maleic anhydride groups in the polymer chains. Spin 
coating a second polymer layer on a crosslinked thin polymer film and subsequent photo-
crosslinking of the second layer through a mask produced pattern on the multilayer assembly. 
Characterization of patterns on the multilayer assembly with AFM shows a formation of 
uniform and homogenous patterns. Surface roughness and step height of the patterns were 
also investigated by AFM in the dry state. 
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5.  Conclusions and outlook  
In this study, surface attached photo-crosslinked thermoresponsive and hydrophilic thin 
hydrogel layers were synthesized and their transition temperature (Tc) and swelling 
behavior were investigated. As the kinetics of swelling and deswelling is proportional to 
the gel dimension, the decrease of gel size by formation of thin films reduces the 
response time. This makes hydrogel suitable for various applications like actuator 
material or in biomaterials for further studies. A novel method of photo-crosslinking 
involving [2+2] cyclodimerization of dimethylmaleimide group in polymer chains was 
utilized to synthesize hydrogels. In order to achieve this, three types of photo-crosslinkers 
as shown in Figure 5.1 were successfully synthesized and characterized by NMR, IR, 
UV-VIS and elemental analysis. Maleimide group in polymer chains was introduced by 
free radical polymerization of monomer like NIPAAm, DMAAm and HEMA with their 
respective photo-crosslinkers. Polymers shown in Figure 5.2 were characterized to 
determine its properties like molecular weight and crosslinking density. Such well-
defined properties in polymers avoid the shortcomings of other conventional methods of 
crosslinking like gradient crosslinking. For applications where hydrogels are utilized at 
surfaces or interfaces, understanding their behavior in bulk cannot necessarily be 
extended to these types to geometries. Therefore, photo-crosslinkable polymers were spin 
coated to form uniform and homogeneous films on Au and Si wafers (Figure 5.3).  
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Figure 5.1 Synthesized photo-crosslinkers (a) acrylate photo-crosslinker, (b)  
                  acrylamide photo-crosslinker and (c) polyol photo-crosslinker. 
 
Adhesion promoters were synthesized for covalent attachment of the hydrogel to the 
substrate. The hydrogel films were extensively studied by combination of SPR and OWS 
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to monitor the film thickness, volume degree of swelling and transition temperature of 
thermosensitive polymers.  Results from this technique were compared with DSC values.  
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Figure 5.2 Synthesized photo-crosslinkable polymers based on (a) DMAAm, (b) HEMA, 
                  (c) NIPAAm/DMAAm and  (d) NIPAAm/Cyclam. 
 
Terpolymers of NIPAAm, acrylamide photo-crosslinker (DMIAAm) and DMAAm were 
synthesized to obtain temperature sensitive, photo-crosslinkable and biocompatible 
polymers. It was observed that an increase in DMAAm content in terpolymers increases 
the transition temperature. SPR and OWS provided information related to the swelling 
behavior of thin hydrogel layers. Volume degree of swelling in collapsed state and 
swollen state was also dependent on the content of DMAAm in NIPAAm terpolymers. 
To study the effect of film thickness on hydrogel swelling properties, films with variable 
thickness were developed. Thicker films (dry thickness > 500 nm) showed slightly 
different behavior as compared to thin films (dry thickness ~200 nm).  
 
Conclusions and outlook 
 
136
N OO
S
 
O O OH
 
Figure 5.3 Photo-crosslinked surface attached thin hydrogel layer. 
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All the hydrogel layers were covalently attached to the surface, therefore the swelling 
was mainly in one direction, perpendicular to the substrate. A high anisotropy of swelling 
was observed for thin hydrogel layers due to the presence of a fixed substrate, which 
prevents the hydrogel from expanding or contracting laterally. Polymer modification 
reaction of PVA and polyglycidol with DMIPA and DMIPACl were also attempted to 
introduce photo-crosslinking moieties in these hydrophilic polymers.  
 
Thin film of hydrophilic photo-crosslinked HEMA and DMAAm hydrogel were also 
synthesized and characterized. Volume degree of swelling in these polymers films was 
found to be independent of temperature but was dependent on the photo-crosslinker 
content in the polymer chains. Higher the photo-crosslinker content lower was the 
swelling.  
To introduce multi-sensitivity in the thermoresponsive polymer, metal ion selective 
NIPAAm terpolymers was synthesized by polymerization of NIPAAm, DMIAAm, and 
cyclam monomer. Resulting polymer in the form of thin film showed different volume 
degree of swelling in presence and absence of Cu2+ ions.  
For the first time, multilayer assemblies of photo-crosslinkable polymers involving a 
hydrophilic polymer as a base layer and thermoresponsive polymer as a top layer were 
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investigated. A new model for Fresnel calculations of multilayer assembly was also 
developed to study the results from SPR of such systems. No intermixing of the two 
layers was observed. The results shows a presence of two chemically different hydrogel 
layers where the top NIPAAm layer exhibited a temperature responsive behavior and 
lower DMAAm layer behaved as a swollen network independent of temperature changes. 
High-resolution pattern for all synthesized polymer in the form of single layer and 
multilayer were developed. AFM images confirmed the formation of homogeneous and 
uniform patterns.  
Thermoresponsive thin layers with high swelling ratio and appropriate Tc (~34°C) were 
also utilized for application involving cell attachment and detachment processes. 
Preliminary results indicate a successful attachment of the cells on polymer layers. Well-
defined nanogels of thermoresponsive NIPAAm terpolymers were also synthesized and 
swelling behavior was compared with the thin films.  
Further investigations can be carried out on thermosensitive hydrogel layer for 
applications in controlled cell attachment-detachment. Nanogel coating on top of a 
hydrophilic polymer may provide better results for such an application. Photo-crosslinked 
HEMA hydrogel layer can be further utilized for ophthalmic applications. The refractive 
index of the polymers plays an important role for developing synthetic lens (which acts as 
a natural lens). This property (refractive index) can be controlled by addition of 
appropriate mol-% of photo-crosslinker in HEMA copolymers and may provide a basis 
for developing artificial lenses. The hydroxyl group in photo-crosslinkable HEMA 
copolymers can also be modified and a bioactive group can be linked for applications in 
biosensors.  
It can be concluded that this study provides detailed information on synthesis, 
characterization of photo-crosslinked thermoresponsive and hydrophilic polymers in the 
form of surface attached thin films. Such patternable polymers with variable Tc and 
swelling ratio are the basis for formulating complex structures for application in actuator 
materials and controlled cell attachment-detachment processes. 
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